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ABSTRACT 
 
 
I 
 
Public awareness on the impacts that micropollutants and emerging contaminants 
have on aquatic resources has increased in recent decades and has become a significant 
driver for reducing levels of contaminants in the environment. The most recent and 
comprehensive initiative of the European Union in the area of water protection is the 
Water Framework Directive (WFD), which entails the application of new technical 
standards for surface water quality. It has been reported that sewage treatment works 
(STWs) are a major source of micropollutants for receiving aquatic environments. As a 
result of this, STWs are increasingly becoming a target for regulatory and public pressure 
with regard to their discharges to the environment. The micropollutants and emerging 
contaminants considered in this thesis have been identified under the European Union as 
substances that are toxic, persistent, and likely to bioaccumulate. 
 
This thesis aimed to develop a model to estimate concentrations and loads of 
micropollutants and emerging contaminants at site specific STWs to aid the 
implementation of the WFD by 2015. The thesis also focused on a case study to evaluate 
the need for tertiary treatment to remove micropollutants and emerging contaminants using 
a detailed laboratory analysis to assess the removal ability of a selected tertiary treatment. 
The results of the model designed in this research were used as part of a risk assessment 
which focused on understanding the risk that site specific STWs posed to the environment, 
and on their removal efficiencies. The risk assessment enables the most at risk STWs to be 
prioritised for investment and will facilitate management options in seeking to satisfy the 
WFD. The thesis, through extensive research, also aimed to detail knowledge gaps present 
in the UK water industry regarding sources, pathways, fate, and behaviour of 
micropollutants and emerging contaminants. Finally, recommendations were outlined 
regarding future steps to help meet the requirements of the WFD. 
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1.1 Introduction  
 Aquatic environmental contamination by organic and inorganic micropollutants is a 
problem of increasing complexity due to the number of natural and synthetic chemicals that are 
introduced into our environment year on year. As awareness and understanding of the harmful 
effects of these chemicals to aquatic organisms and human health increases, the decision has been 
made to enforce more stringent legislation to control inputs into this environment. It has also been 
widely reported that STWs are a major source of micropollutants for receiving aquatic 
environments, and as a result sewage treatment works (STWs) are increasingly becoming a target 
for regulatory and public pressure with regard to their discharges to the environment (Bergquvist et 
al., 2006, Fauser et al., 2003).  
 
 The most recent and most comprehensive initiative of the European Union in the area of 
water protection is the Water Framework Directive (WFD) (2000/60/EC). Its implementation 
entails the application of new technical standards for surface water quality, and introduces a whole 
new regime of management based on river basins irrespective of political boundaries. The 
micropollutants set out under the WFD have been defined as either priority or hazardous priority 
substances depending on their toxicity, persistency, and ability to bioaccumulate (EUROPA, 2006). 
There is however, an increasing need for a European list of emerging contaminants as the 
occurrence of emerging or newly identified contaminants, such as endocrine disrupting 
compounds, in our water resources is of continued concern for aquatic organisms and human health 
and should be considered as possible candidates for the inclusion into the list of priority substances. 
 
 In order to achieve the WFDs targets for priority substances adequate monitoring and 
analytical concepts are necessary to standardise procedures. Without the appropriate tools it will 
not be possible to investigate the levels, fate and behaviour of micropollutants and emerging 
Chapter 1: Introduction 
 
2 
 
compounds in the aquatic environment. This represents a significant challenge to the United 
Kingdom (UK) government and water management authorities which will require substantial 
investment to develop such tools. In the UK alone the cost of implementing the WFD has been 
estimated at between £2 billion and £9.2 billion with a large proportion of the cost absorbed by the 
water industry which is responsible for preventing point
1
 source pollution from sewage treatment 
works (STWs) entering receiving waters (Bowen et al., 2003). 
 
 The UK water industry has expressed a number of concerns over the proposed 
implementation strategy of the WFD (Gorlach & Pielen, 2007). The first concern relates to the 
potential that water authorities may enforce overly stringent discharge consents to STWs to control 
micropollutant concentrations entering surface waters because it is easier to control point source 
pollution than diffuse sources of pollution. The second concern is that improving the efficiency of 
STWs to achieve the required standards may result in the transferral of micropollutants from one 
medium to another without achieving full or even part degradation of the pollutant. This could 
result in the transferral of the pollutant from wastewater to other media such as sludge, air, soil, or 
landfill with the potential to re-enter surface waters as diffuse pollutants (Díaz-Cruz et al., 2009). 
 
 The third area of concern is the additional cost of upgrading secondary treatments or 
retrofitting advanced tertiary treatment technologies to achieve the discharge consents. The concern 
for the water industry is one of disproportionality, as it is very difficult to quantify and apportion 
the chemical and biological improvements of surface waters to individual STWs (Jones et al., 
2007a). Additionally, the increased carbon dioxide (CO2) emissions associated with the higher 
energy demands of the STW upgrades may counter the environmental improvements achieved by 
removing micropollutants in surface waters (Görlach and Pielen, 2007).  
                                                 
1
 Point source pollution is pollution discharged or stemming from a single source e.g. STWs. Non-point 
pollution is generated from a diffuse source rather than one identifiable source e.g. agricultural runoff. 
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 Lastly, the water industry has also discussed concerns over emerging contaminants, and 
what these compounds may ultimately require for removal during wastewater treatment (Díaz-Cruz 
et al., 2009). The UK water industry‟s concerns were such that they commissioned the National 
Demonstration Programme (NDP) with the Environment Agency (EA) at the cost of forty million 
pounds to further understand the fate and behaviour of emerging compounds during a number of 
treatment technologies (Butwell et al., 2008). 
 
 As a result of these concerns the overall aim of this research was to develop a methodology 
for estimating the level of micropollutant and emerging contaminant contributions in influent and 
effluent at site specific STWs in order to understand the potential legislative implications that the 
water industry will face. The new methodology developed will be used to develop a risk based 
approach that can be utilized to facilitate informed management decisions in order to understand 
and satisfy projected targets set out by the WFD. The structure of the thesis has been set out in 
Figure 1. 
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Figure 1 Thesis Structure 
Literature Review 
1. Split micropollutants  
into chemical groups 
2. Review published papers  
and reports 
3. Collate & summarise   
data related to: 
a. concentrations and  
origins of pollutants 
b. physico   chemcial 
properties of  
micropollutants 
c. removal rates of  
micropollutants in  
STWs 
Estimating Influent  
1. Use literature review to  
profile micropollutant  
per pathway 
  
2. Use literature review  
and industry knowledge  
to estimate pathway flow  
into a STW 
3. Develop calculation to  
estimate influent  
concentrations by  
associating pathway  
concentrations with  
pathway flow into STW  
Estimating Effluent  
1. Use literature review to  
estimate removal rates  
of STWs based upon  
micropollutant physico - 
chemical properties and  
STW treatment options 
2. Develop calculations to  
estimate effluent  
concentrations by  
utilising estimated  
influent concentrations  
for the STW and its  
estimated removal rate 
Issue 
Possible  Solution 
Discussion  
1. Carry out a risk assessment to determine the number and type of STWs at risk and which micropollutants and emerging 
contaminants are most at risk to the aquatic environment 
2. Discuss potential management options that could be utilised to reduce risk at site specific STWs 
3. Discuss barriers in achieving  a sustainable solution for the WFD  
4. Discuss benefits and limitations of research 
Conclusion 
1. Summary and findings of thesis 
2. Novelty of research 
3. Further recommendations 
Emerging 
Contaminants 
Uncertainty surrounding the implementation of the WFD due to levels 
of micropollutants and emerging contaminants in wastewater influent 
and effluent remaining unknown 
Develop a cost effective model that estimates influent and effluent 
concentrations and loads for site specific STWs, the output of which 
can be used in a risk assessment to aid management options 
1. Estimate influent and 
effluent levels of 
emerging contaminants 
 
2. Develop and carry out a 
laboratory based 
analysis on a tertiary 
treatment to assess the 
removal rates   
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2.1 Introduction 
 Pollution of surface water by micropollutants can disrupt aquatic ecosystems, cause loss of 
habitats, and reduce biodiversity. Humans can also be exposed to micropollutants through the aquatic 
environment by fish and seafood consumption, drinking water, and possibly recreational activities. 
The toxicological impacts of these micropollutants on humans can be severe and range from being 
mutagenic, carcinogenic, and teratogenic (Table 2) (Birkett & Lester, 2003, Snyder et al., 2003, 
WHO, 2004).  
 
 The origins of aquatic pollution are derived from diverse sources that can be divided into 
point sources which include municipal wastewater effluent from STWs, industrial effluent and 
leachates from waste disposal sites, and non point sources which may consist of agricultural run-off 
and atmospheric run-off (Bedding, 1982). In an attempt to control emissions of pollutants from these 
sources governments have developed environmental legislation and implemented quality control 
targets for over 40 pollutants which has culminated in the development of the WFD in 2000. 
 
2.2 The Water Framework Directive  
 The WFD (2000/60/EC) was born out of 40 years of water legislation in an attempt to 
harmonise previously disjointed directives. Table 1 lays out the chronology of the directives and how 
they relate to one another. The WFD, introduced in 2000, was designed as a framework for the 
protection of inland surface water, transitional water, coastal water, and groundwater. The aim was to 
promote sustainable water use within Europe with the objective of achieving long-term progressive 
reduction of contaminant discharges to the aquatic environment from urban wastewater. The WFD 
will incorporate the following directives by 2013 in an attempt to create a more comprehensive 
harmonised structure for water policy: „The Dangerous Substances Discharged to the Aquatic 
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Environment Directive‟ (DSD) (76/464/EEC); „The Shellfish Waters Directive (79/923/EEC); and 
„The Freshwater Fish Directive‟ (78/659/EEC) (Europa, 2006). Within the WFD, the Priority 
Substances Daughter Directive (PSD) (Article 16) identified specific micropollutants according to 
their toxicity, persistence, and potential to bioaccumulate. The substances were identified based on a 
simplified risk-based assessment procedure called „combined monitoring-based priority setting 
scheme‟ (COMMPS) (EC, 2001). The COMMPS system was designed to identify substances of 
highest concern taking particular account of:  
 
1. evidence regarding the intrinsic hazard of the substance concerned, and in particular its 
aquatic ecotoxicity and human toxicity via aquatic exposure routes;  
2. evidence from monitoring of widespread environmental contamination; 
3. other proven factors which may indicate the possibility of widespread environmental 
contamination, such as production or use volume and use patterns.(EC, 2001).  
 
 The PSD set out policy enforcing that the production and emissions of these micropollutants 
must be progressively reduced within 20 years of implementation. Furthermore, micropollutants that 
were identified as being particularly hazardous (e.g. toxic to organisms) under COMMPS were 
required to be totally phased out within the same time frame. The micropollutants identified under 
COMMPS are to be reviewed every four years (EC, 2001). 
 
 A number of the micropollutants listed under the PSD have also been classified as endocrine 
disrupting compounds (EDCs) due to their association with hormone disruption and sex interchange 
in aquatic species (Sumpter et al., 1995, WHO, 2004). Micropollutants that cause endocrine 
disruption have become high on the political and scientific agenda in recent years. For example, in 
1998 OSPAR (The Commission for the Protection of the Marine Environment of the North-East 
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Atlantic) proposed additional micropollutants of „possible concern‟, also known as emerging 
contaminants that could cause endocrine disruption such as steroid estrogens and some 
pharmaceuticals (OSPAR, 2004). Due to this concern it is likely that these micropollutants will be 
included in the WFD for regulation in future reviews. Emerging contaminants will not be discussed 
until Chapter 6 of the thesis as currently they are not regulated. Chapter 6 of the thesis focuses on 
these compounds and uses steroid estrogens in a detailed case study. 
 
The full list of micropollutants addressed in this thesis can be found in Table 2 as set out 
under the WFD (2000/60/EEC), the Sewage Sludge Directive (SSD) (86/278/EEC), the Dangerous 
Substance Directive (DSD) (76/464/EEC), and OSPAR. Table 2 also sets out the micropollutant 
environmental quality standards (EQSs) and outlines the mode of toxicity that micropollutants could 
potentially cause to human health. 
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Table 1 Water Pollution Directives Leading up to and Complementing the WFD 
Date Directive Implications Time scale 
1976 Dangerous Substances Directive (DSD) 
(67/548/EEC) 
To prevent and limit pollution from dangerous substances, emission limit 
values and quality were fixed for 18 substances. 
1976 - 2013  
(Incorporated into WFD by 
2013) 
1978 Freshwater Fish Directive (2006/44/EC) To protect fresh water bodies identified by Member States as waters 
suitable for sustaining fish populations. Physical and chemical water 
quality objectives were set for salmonid waters and cyprinid waters. 
1978 - 2013  
(Incorporated into WFD by 
2013) 
1979 Shellfish Waters Directive (79/923/EEC) To protect or improve shellfish waters in order to support shellfish life and 
growth. Physical, chemical and microbiological water quality standards 
were set for designated shellfish waters. 
1978 – 2013 
 (Incorporated into WFD by 
2013) 
1986 Sewage Sludge Directive  (SSD) (86/278/EEC) To regulate sewage sludge in agriculture use in such a way as to prevent 
harmful effects on soil, vegetation, animals and man. 
1986 - Ongoing 
1991 Water Industry Act (OPSI, 1991) Controls industrial trade discharges into wastewater using discharge 
consents for small industry. 
Priority Substances (PSs) are defined as Special Category Effluents (SCE). 
In England and Wales if the effluent is considered to be SCE then the water 
company could refuse to accept it. 
1991 - Ongoing 
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1996 Integrated Pollution Prevention and Control 
Directive (IPPC) (1996/61/EC) 
Tackles outputs of pollution by imposing Best Available Technology (BAT) 
on manufacturers for large industry. 
European Pollution Emissions Register was set up to enable Member States 
to report their emissions. 
This Directive partially incorporated the Dangerous Substances Directive, 
maintaining emission limits values as minimum requirements. 
1996 - Ongoing 
1998 The OSPAR Commission for the Protection of 
the Marine Environment of the North-East 
Atlantic (OSPAR, 2008) 
Proposes other ‘substances of possible concern’, such as estrogens and 
pharmaceuticals, also known as emerging contaminants which may be 
included on the PS list in the future. 
1998 - Ongoing 
2000 Water Framework Directive (WFD) 
(2000/60/EC) 
Aims to promote sustainable water use within Europe. 2000 - Ongoing 
 Priority Substances Daughter 
 Directive (PSD) 
This directive supersedes the Dangerous Substances Directive. It also 
identifies substances that are toxic, persistent and likely to bioaccumulate. 
Divided into 2 lists :  
1. Priority substances 
2. Priority hazardous substances, to be ceased or phased out within 
20 years 
The priority substance list was developed using a ‘combined monitoring-
based priority setting scheme’ (COMMPS) and 33 priority substances were 
identified in surface waters. 
Agreed in 2001 
(Implemented by 2015 and 
substances must be phased 
out by 2021) 
 Environmental quality standards (EQSs) to be established using COMMPS 
and were defined between 2004 and 2006. 
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Table 2 Micropollutants and Emerging Contaminants (EU, 2008) 
                                                 
2 This parameter is the Environmental Quality Standard expressed as an annual average value (EQS-AA) 
No  Name of substance  CAS-No. Chemical Class Toxicity  EQS-AA2ug L-1 Directive 
(1) Alachlor 15972–60–8 Pesticide Carcinogen a 0.3 WFD Priority Substance 
(2) Anthracene 120–12–7 Polycyclic Aromatic Hydrocarbon Possible Carcinogen  a 0.1 WFD Priority Substance* 
(3) Atrazine 1912–24–9 Pesticide EDC  b 0.06 WFD Priority Substance* 
(4) Benzene 71–43–2 Industrial Chemical Carcinogen  a  10.0 WFD Priority Substance 
(5) Brominated diphenylether (penta) 
(PeBDE) 
32534–81–9 Flame Retardant EDC  b 0.005 WFD Priority Hazardous Substance 
(6) Cadmium and its compounds  7440–43–9 Heavy Metal Carcinogen, targets kidneys  a 0.08 WFD Priority Hazardous Substance 
(7) C10–C13 Chloroalkanes  85535–84–8 Flame Retardant Carcinogen  a 0.4 WFD Priority Hazardous Substance 
(8) Chlorfenvinphos 470–90–6 Pesticide Carcinogen, reproductive 
toxicity, neurotoxicity a 
0.1 WFD Priority Substance 
(9) Chlorpyrifos  2921–88–2 Pesticide Carcinogen, reproductive 
toxicity, neurotoxicity a 
0.03 WFD Priority Substance 
(10) 1,2-Dichloroethane 107–06–2 Industrial Chemical Possible carcinogen a 10.0 WFD Priority Substance 
(11) Dichloromethane (DCM) 75–09–2 Industrial Chemical Carcinogen  a 20.0 WFD Priority Substance 
(12) Di(2-ethylhexyl)phthalate (DEHP) 117–81–7 Industrial Chemical Possible carcinogen  a  & EDC  b 1.3 WFD Priority Substance* 
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(13) Diuron 330–54–1 Pesticide Carcinogen, reproductive 
toxicity, neurotoxicity a 
0.2 WFD Priority Substance* 
(14) Endosulfan 115–29–7 Pesticide EDC  a 0.05 WFD Priority Substance* 
(15) Fluoranthene 206–44–0 Polycyclic Aromatic Hydrocarbon Possible carcinogen  a 0.1 WFD Priority Substance* 
(16) Hexachlorobenzene (HCB) 118–74–1 Industrial Chemical/Pesticide Carcinogen & Persistent  a  
Organic Pollutant 
0.01 WFD Priority Substance 
(17) Hexachlorobutadiene 87–68–3 Industrial Chemical/Pesticide Carcinogen  a 0.1 WFD Priority Hazardous Substance 
(18) Hexachlorocyclohexane (HCH) 608–73–1 Industrial Chemical/Pesticide Reproductive toxicant  a 0.02 WFD Priority Hazardous Substance 
(19) Isoproturon 34123–59–6 Pesticide Tumour promoter  a 0.3 WFD Priority Substance* 
(20) Lead and its compounds 7439–92–1 Heavy Metal General toxicant  a 7.2 WFD Priority Substance* 
(21) Mercury and its compounds 7439–97–6 Heavy Metal Carcinogen targets kidneys  a 0.05 WFD Priority Hazardous Substance 
(22) Naphthalene 91–20–3 Polycyclic Aromatic Hydrocarbon Possible carcinogen  a 2.4 WFD Priority Substance* 
(23) Nickel (Ni) and its compounds 7440–02–0 Heavy Metal Possible carcinogen  a 20.0 WFD Priority Substance 
(24) Nonylphenol (4-Nonylphenol) (NP) 104–40–5 Surfactant Carcinogen & EDC b 0.3 WFD Priority Hazardous Substance 
(25) Octylphenol  (OP) 140–66–9 Surfactant EDC b 0.1 WFD Priority Substance* 
(26) Pentachlorobenzene 608–93–5 Flame Retardant/Pesticide Carcinogen, reproductive 
toxicity, neurotoxicity a 
0.007 WFD Priority Hazardous Substance 
(27) Pentachlorophenol (PCP) 87–86–5 Pesticide Possible carcinogen  a 0.4 WFD Priority Substance 
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3 Tetrachloroethylene EQS is from DSD List 1 
4
 Trichloroethylene EQS is from DSD List 1 
(28) Polyaromatic hydrocarbons (PAHs) Not applicable Polycyclic Aromatic Hydrocarbons Carcinogenic, mutagenic, and 
teratogenic  a 
0.08 WFD Priority Hazardous Substance 
(28a) Benzo(a)pyrene 50–32–8 As above As above  As above 
(28b) Benzo(b)fluoranthene 205–99–2 As above As above  As above 
(28c) Benzo(k)fluoranthene 207–08–9 As above As above  As above 
(28d) Benzo(g,h,i)perylene 191–24–2 As above As above  As above 
(28e) Indeno(1,2,3-cd)pyrene 193–39–5 As above As above  As above 
(29) Simazine 122–34–9 Pesticide Possible carcinogen & disturbs 
metabolism  a 
1.0 WFD Priority Substance* 
(30) Tributyltin  36643–28–4 Pesticide Possible carcinogen & EDC  c 0.0002 WFD Priority Hazardous Substance 
(31) Trichlorobenzene (TCB) 12002–48–1 Industrial Chemical Carcinogen targets liver  a 0.4 WFD Priority Substance* 
(32) Trichloromethane (Chloroform) 67–66–3 Industrial Chemical Impaired liver and nervous 
system function  a 
2.5 WFD Priority Substance 
(33) Trifluralin 1582–09–8 Pesticide Mutagen  a 0.03 WFD Priority Substance* 
(34) Tetrachloroethylene 127–18–4 Industrial Chemical Possible carcinogen  a 10.03 DSD List 1 
(35) Trichloroethylene 79–01–6 Industrial Chemical Possible carcinogen  a 10.04 DSD List1 
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CAS: chemical abstracts service.* Under review for classification a WHO (2004) b Birkett & Lester (2003) c Snyder et al. (2003) 
                                                 
5
 LAS is not regulated under the WFD, the PNEC value was selected as a substitute for EQS 
6
 Steroid estrogens are not regulated under the WFD, the PNEC value was selected as a substitute for EQS 
(36) Linear alkyl sulfonates (LAS) 42615-29-2 Surfactant Possible carcinogen  a 0.15 SSD 
(37)  Estrone (E1)  53-16-7 Emerging Contaminant EDC  c 4.06 (ng L-1) OSPAR Compound of concern 
(38)  Estradiol (E2)  50-28-2 Emerging Contaminant EDC  c 1.06 (ng L-1) OSPAR Compound of concern 
(39) 17 α- Ethinylestradiol (EE2)  57-63-6 Emerging Contaminant EDC  c 0.16 (ng L-1) OSPAR Compound of concern 
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2.2.1 Regulation of Micropollutants 
 Environmental policy making for regulation of dangerous compounds should be primarily 
based on sound scientific knowledge (Hansson, 2008); however information and data for a number 
of micropollutants are to date incomplete. As a result WFD policy must reflect the necessary 
precautions to safeguard the environment against damage; i.e. the principle is that policy decisions 
can legitimately be based on scientific evidence of a danger that is not strong enough to constitute 
full scientific proof that the danger exists (Hansson, 2008). This is known as the „precautionary 
principle‟, a method acknowledged by the European Union (EU) in the Maastricht Treaty 
(Bernstein, 1997, EU, 2009). Although this is an important tool for determining regulatory policy, 
it is important not to regulate with too much precaution as risk can be overestimated and lead to 
disproportionally stringent regulation. 
 
 The regulatory standards as set out by the PSD under the WFD follows the precautionary 
principle for establishing EQSs which are established using COMMPS by their physicochemical 
properties: toxicity, persistence, and tendency to bioaccumulate (EC, 2006). Two types of EQSs 
have been set: (1) annual average concentrations (AA-EQS) for protection against long-term and 
chronic effects, and (2) maximum allowable concentrations (MAC-EQS) to avoid serious 
irreversible consequences for ecosystems due to acute exposure in the short-term. Compliance with 
AA-EQSs requires that, for each surface water sample, the mean of the concentrations measured at 
different times during the year is below the standard. Compliance with MAC-EQSs means that for 
each surface water sample, the measured concentration at any time during the year must not exceed 
the standard (EUROPA, 2000). Micropollutant EQSs are regulated by the EA, which acts as the 
competent authority for the UK, and is in charge of implementing and overseeing compliance of 
European Directives.  
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 Further regulatory standards for micropollutants were set out in the Water Industry Act 
(1991) which enables the water utilities to control industrial trade discharges into wastewater using 
„discharge consents‟ (OPSI, 1991). Industrial sites have the right to discharge trade effluent into 
public sewerage systems, but only with the consent of the receiving STWs. If trade effluent is 
discharged without consent, or in contravention of the discharge consent, the discharger is liable to 
a fine. Under the Water Industry Act micropollutants emitted by industrial sites are described as 
„Special Category Effluents‟ (SCE) (OPSI, 1991). These regulations specify the industrial 
processes and the chemical substances which determine whether or not a particular trade effluent is 
SCE.  
 
 Industrial trade discharges are also regulated by the Integrated Pollution Prevention and 
Control Directive (96/81/EC) (IPPC). It tackles outputs of pollution by imposing „Best Available 
Techniques‟ (BAT) on industries that emit micropollutants such as heavy metals and organic 
compounds. The IPPC also requires Member States to report their emissions to a European 
Pollution Emissions Register (EUROPA, 2008). Diffuse inputs from domestic households and 
commercial sources (e.g. dental surgeries) are not affected by these regulations (OPSI, 2001). 
 
 Whilst the water industry does not have sole responsibility for taking measures to meet 
EQSs, there is a requirement for them to make an assessment of the contribution made by their 
discharges to overall surface water contaminant loads and to gather data to support the inventory of 
emissions, discharges, and losses. The water industry also needs to prepare for the progressive 
reduction of priority substances and the cessation and phase out requirements for priority hazardous 
substances. In order to address these new obligations, a clearer understanding of the occurrence, 
concentration and behaviour of these substances in wastewater treatment is required. Given the 
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variety of substances involved, obtaining the necessary information to a proven and adequate level 
of reliability is a considerable challenge. 
 
2.3 Micropollutants and Emerging Contaminants in Wastewater 
 Conventional sewage treatment consists of up to three treatment stages: primary 
sedimentation, secondary biological treatment, and occasionally tertiary treatment. Primary 
treatment consists of several rectangular or circular tanks that contain mechanical scraping devices 
used to remove sludge that has settled to the bottom of the tanks. The most significant mechanism 
for micropollutants during this treatment is adsorption of solids, which under the influence of 
gravity settle to form primary sludge. The degree of micropollutant removal is largely dependent 
on suspended solids removal, which is controlled by settling characteristics of particles (their 
density, size, and ability to flocculate) the retention time in the tank, and surface loading. Raw 
wastewater remains in the tank for typically 2 to 6 hours allowing approximately 55% of suspended 
solids to settle (Metcalf & Eddy, 2004). 
 
 Biological secondary treatment is carried out by either trickling filter processes or activated 
sludge processes. Trickling filters enable mixed cultures of microorganisms to form biofilms of 
solid media, where activated sludge tanks allow microorganisms to be free in the mixed liquor in 
the form of suspended flocs. In both environments, microorganisms oxidise organic 
micropollutants in wastewater converting them to carbon dioxide, water, and cellular material. 
Microorganisms also form aggregates or flocs that can be consolidated by sedimentation. The 
wastewater is then discharged to surface water or undergoes tertiary treatment whilst the sludge is 
either returned to the reactor or sent for sludge treatment. Any substance that is absorbed or 
adsorbed by the bacterial flocs is therefore also removed from the effluent (Lester & Birkett, 1999). 
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2.3.1 Sources and Pathways of Micropollutants and Emerging Contaminants in Wastewater 
 As previously mentioned there are numerous pathways by which micropollutants and 
emerging contaminants enter surface waters. However, the main contributor of pollutants and the 
most easily regulated is untreated wastewater and STW effluents from municipal wastewater 
(Bolong et al., 2009). The origins of the pollutants entering STWs are ingredients in products used 
in large quantities in everyday life such as, personal care products, laundry detergents and their 
residues, plasticisers, flame retardants, and natural hormones (Bowen et al., 2004), whilst the four 
main pathways associated with municipal wastewater are domestic, commercial, industrial, and 
runoff (Rule et al., 2006a). Definitions of these pathways and associated sources can be seen in 
Table 3. 
 
Table 3 Pathways and Sources of Micropollutants and Emerging Contaminants in Wastewater 
Pathway Definition 
Domestic 
Domestic populations use products that contain micropollutants such as cleaning, 
personal care, hardware, and gardening products, with the addition of compounds 
derived from heating and piping systems, and human waste. 
Commercial 
Micropollutants originating from commercial pathways include sources from 
photographic labs, dentist surgeries, health clinics, hospitals, universities, schools, dry 
cleaners, garages, and hairdressers. 
Industrial 
Micropollutants originating from large industrial units such as paper mills, chemical 
processing factories, and product processing factories. 
Run-off 
Run-off includes micropollutants entering the sewerage system from rain events. These 
compounds originate from roofing, roads, grass verges, vehicle emissions, and 
atmospheric deposition from industrial emissions. 
 
 As previously mentioned industrial inputs to STWs are the subject of consents that control 
the volume and concentration of chemical inputs that are permitted for discharge to the sewerage 
system. The other inputs from domestic, commercial, and runoff pathways, are not yet regulated, 
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and the contributions of pollutants released to STWs from these pathways remains unknown. This 
uncertainty could be extremely damaging to the water industry if the WFD were to impose strict 
discharge consents on STWs based on the precautionary principle in order to control surface water 
quality. However, if the water industry is able to understand the micropollutant concentrations 
within influent they will be able to negotiate with the EA for more realistic discharge consent 
targets. A full literature review of sources and pathways for each chemical class of micropollutants 
can be found in sections 2.4 through to 2.9, and the literature review for emerging contaminants 
can be found in Chapter 6; however Table 4 gives a brief summary of the findings. 
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Table 4 Sources and Pathways of Micropollutants and Emerging Contaminants in Wastewater
 
 
tires 
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2.3.2 Fate and Behaviour of Micropollutants and Emerging Contaminants in Wastewater     
 In order to understand the fate and behaviour of micropollutants and emerging 
contaminants in the urban environment, knowledge of their physical and chemical properties is 
important. For example, vapour pressure, molecular weight, water solubility, and adsorption 
coefficients are all important factors in determining their removal in wastewater (Rogers, 1996). 
The terms fate and behaviour have been defined in more detail below.  
 
Fate: The processes which govern the removal and final form of micropollutants and 
 emerging contaminants in two-stage conventional STWs e.g. the ability of activated 
 sludge to remove a micropollutant from the aqueous phase.  
 
Behaviour: The physicochemical nature of micropollutants provides information on the 
way compounds are likely to act in the aquatic environment e.g. the sorption capacity (Log 
Kow) provides information on a micropollutant’s propensity to adsorb to suspended solids. 
The physicochemical properties in turn will determine the fate of the micropollutant in 
wastewater. 
 
 The mechanisms which operate during wastewater treatment govern the fate and behaviour 
of micropollutants via the following four main processes: adsorption, volatilisation, biodegradation, 
and abiotic degradation (Fauser et al., 2003). Adsorption and volatilisation are both physical 
processes and their relative importance in the removal of a particular micropollutant can be 
determined using the physicochemical information of that micropollutant and information on the 
surrounding environment. Adsorption is the binding of molecules or particles to a surface and 
occurs during both the primary and secondary sedimentation stages. It involves the partitioning of 
hydrophobic contaminants onto suspended and settled solids, and their propensity to partition can 
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be represented by the octanol-water partition coefficient (Log Kow) (Dunnivant and Anders, 2006). 
The more hydrophobic the contaminant the higher the Log Kow value and the more likely it will 
partition to suspended solids. Rogers (1996) defined the groups accordingly: 
 
 Log Kow < 2.5 = low sorption potential 
 2.5 < Log Kow < 4.0 = medium sorption potential 
 Log Kow > 4.0 = high sorption potential 
 
 Volatilisation is used to describe the passive loss of organic compounds to the atmosphere 
from the surface of open tanks such as clarifiers, or during the aeration stage of wastewater 
treatment (Rogers H, 1996). Low molecular mass non-polar micropollutants with low water 
solubility are known to be transferred to the atmosphere during aeration in wastewater. However, 
recent studies have suggested that air stripping of volatile compounds is less significant than their 
biodegradation during secondary wastewater treatment (Melcer et al., 1994). Peak volatilisation is 
observed when a micropollutant‟s Log Kow is around 2, below which water solubility will start to 
inhibit volatility. The significance of volatilisation losses of specific organic micropollutants during 
sewage treatment can be established based on Henry‟s Law constant (Hc). Birkett & Lester (2003) 
defined the groups accordingly: 
 
  Hc < 1 x 10
-4
 = high volatilisation potential 
  1 x 10
-4
 < Hc < 1 x 10
-9
 = medium volatilisation potential 
 Hc > 1 x 10
-9
 = low volatilisation potential 
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 The biodegradation of micropollutants is thought to be one of the main mechanisms of 
organic compound removal during secondary treatment and can occur under both aerobic and 
anaerobic conditions. The complete mineralisation of micropollutants and emerging contaminants 
in treatment processes is rare, and the term biotransformation more accurately describes the 
potential changes to the composition and molecular structure of such micropollutants. The 
parameter used to follow the biodegradation process is known as the half-life; the time taken for 
half the amount of a compound to degrade in water, and is the measure of the persistence of the 
pollutant (Seriki et al., 2008). Generally, molecules with highly branched hydrocarbon chains are 
less open to biodegradation than unbranched chains and shorter chains are not as quickly degraded 
as longer chains. In addition compounds with halogen, sulphonate, methoxy, and nitro functional 
groups experience increased resistance to biodegradation. Environmental factors can also affect 
biodegradation rates, for example, temperature is often a limiting factor as microorganisms are 
often more active at higher temperatures. In addition narrow pH ranges are often required for 
microorganism growth (Birkett & Lester, 2003). The value of the degradation is given by half-life 
DT50, and the lower the biodegradation half life the faster the degradation of the compound, 
OECD (2005) defined the groups accordingly for aerobic degradation in wastewater:  
 
 DT50 ≥ 10 hours = low biodegradation potential 
 1 hour < DT50 < 10 hours = medium biodegradation potential 
 DT50 ≤ 1hour = high biodegradation potential 
 
 Chemical degradation or abiotic processes can also be involved in the breakdown of 
micropollutants. Hydrolysis is usually the most important chemical reaction in which a molecule is 
cleaved into two parts by the addition of a molecule of water. Hydrolysis is also measured by a 
micropollutant‟s half life in water DT50, the lower the half life the quicker the compound is 
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hydrolysed (Rogers, 1996). Factors such as pH, temperature, moisture, and inorganic matter can 
also have an effect on chemical degradation rates. 
 
 The following sections aim to review all of the published literature on micropollutants in 
order to understand sources, pathways, fate, and behaviour in STWs. The micropollutants have 
been grouped into their chemical classes for ease of analysis (as defined in Table 2). 
 
2.4 Chemical Class 1: Heavy Metals 
  The class of heavy metals includes cadmium (Cd), lead (Pb), mercury (Hg), and nickel 
(Ni). Cadmium is a by-product of zinc production, and is commonly used to prevent corrosion in 
piping; it is also a component of batteries. The use of cadmium in other applications is declining 
due to its high toxicity and carcinogenicity. Lead is found in many products from piping to solder, 
it is also highly toxic and like mercury is a potent neurotoxin. The use of mercury is also declining, 
although historically its main source was from dental amalgam in fillings. Nickel is commonly 
used in stainless steel products, and is thought to have carcinogenic properties (Castiglioni, 2003, 
Sorme & Largerkvist, 2002). 
 
2.4.1. Sources and Pathways  
 Heavy metals have been observed in all four pathways: domestic, commercial, industrial, 
and runoff. Rule et al. (2006a) suggested that the main inputs of heavy metals from domestic 
sources were from the corrosion of water piping and heating systems in domestic households. The 
study evaluated two residential areas, a new development (<5 years old) and one which was built in 
the 1960s. Results showed that concentrations of cadmium in the newer development were often 
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double those found in the older estates and was attributed to higher rates of leaching from newer 
plumbing systems as well as from dishwashers and washing machines.  
 
 Comber and Gunn (1996) reported similar findings for lead and nickel when comparing 
residential developments built in the 1960s and 1990s. Irrespective of the reported levels, much of 
the relevant literature suggested that piping and heating systems as well as water-using appliances 
contribute significant levels of metals to wastewater. Other sources of metals in domestic 
wastewater include water from laundry detergents, body care products, pharmaceuticals, cleaning 
products, and human faecal waste (from food products) (Aonghusa & Grey, 2002, Jenkins, 1998). 
Ross (2002) identified domestic inputs as the largest overall source of lead entering STWs  at 48% 
of the total, and suggested that nickel inputs from domestic sources were as high as 50% of the 
total input to wastewater, (although values tended to be highly variable), and 32% for cadmium. 
Table 5 details the percentage contribution of metals from various domestic sources found by Ross 
(2002). 
 
Table 5 Domestic Percentage of Total Metal Load of Heavy Metals to STWs (Ross, 2002) 
Domestic  Cadmium Lead Nickel 
Plumbing and Piping Bathing 0.3% 4.% 2% 
 Toilet 0.5% 8% 4% 
 Washing Machine 0.2% 3% 0.9% 
 Miscellaneous 0.3% 6% 2% 
 Dish Washing 0.2% 3% 0.8% 
 Faeces 20% 3% 24% 
Products originating  Washing Machine 5% 19% 4% 
from activity Bathing 0.9% 1% 0.8% 
 Dish Washing 5% 1% 11% 
Total Input from Domestic Sources (%) 32% 48% 50% 
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 Bowen et al. (2004) suggested that the main sources of commercial heavy metals included 
dentists‟ surgeries, photo-labs, repair garages, schools, universities, hospitals, and hairdressers. The 
study used statistical data on the number of facilities per population along with quantities present in 
chemicals/products used, and estimates on their use and disposal. This led to an estimate of 
concentration per day likely to be found in wastewater. The results have been reproduced in Table 
6. The report makes clear that there have been no monitoring studies of note in the UK measuring 
commercial loads and that in the absence of actual data, the estimate provided might be an 
indicator of levels found. As suggested in the estimates given in Table 6, a major source of mercury 
from commercial inputs is the contribution from dentists‟ surgeries (dental amalgam containing 
mercury); however the introduction of dental traps is likely to have reduced the amount of mercury 
in commercial activities in recent years. Although this is the case adopting the precautionary 
principle has led to the estimated concentrations for mercury remaining unchanged due to the 
uncertainty of reduction of mercury due to these dental traps. Therefore, commercial sources still 
represent the highest source of mercury into STWs with around 50% to 60%.  
 
 Sorme and Lagerkvist (2002) found that cadmium contributions from commercial sources 
were also significant constituting 30% to 60% of total inputs. In addition Rule et al. 2006a 
identified the significant contributions of lead and nickel from schools, universities, and hospitals 
to STWs. These high concentrations were attributed to a combination of corrosion from pipes, 
large-scale detergent use and effluent from laboratory facilities. The main source of cadmium was 
identified from the processes used to develop photographs in photographic labs and shops.  
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Table 6 Estimated Commercial Heavy Metal Loads (Bowen et al. 2004)  
Commercial Activity Estimated Load (μg Day-1) 
(per unit) Cadmium Lead Mercury Nickel 
Dentists   165  
Repair Garages 3 1 0.1 0.3 
Hospitals  350  350 
Schools and Universities  2000  500 
Hairdressers    3 
Photo Labs/Shops 20 20 20 20 
Total Commercial Additions 23 2371 185 873 
 
 The sources of industrial heavy metals include a large variety of industries, all of which 
require discharge consents for significant metal discharges. Bowen et al. (2004) suggested that the 
dominant industries are mechanical engineering, vehicle manufacturing, textile and dye works, 
metal recycling, ceramics manufacturing, electronics manufacturing, pulp and paper 
manufacturing, and timber products manufacturing.  
 
 Davis and Shokouhian (2001) stated that runoff in urban catchments contained heavy 
metals from roofing materials, traffic emissions, industrial emissions, construction activities, litter, 
vegetation and soil erosion. Legrett and Pegotto (2004) also pointed to various diffuse sources of 
heavy metals from vehicle lubricants, degradation of tyres and brake-linings, road maintenance and 
surface degradation, accidental spillages, and road salting in winter. Rule et al. (2006a) discussed 
the occurrence of a „first-flush7‟ event occurring with heavy metals due to the buildup of metals on 
roads and pavements from vehicle exhausts. Sorme and Lagerkvist (2002), stated that car washing 
was the biggest contribution of lead and cadmium to wastewater from runoff.  
                                                 
7
 First flush is the initial surface runoff of a rainstorm. During this phase, water pollution entering storm 
drains in areas with high proportions of impervious surfaces is typically more concentrated compared to the 
remainder of the storm. 
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 Overall there has been little agreement on the concentrations of heavy metals found in 
wastewater in previous studies, with concentrations dependent on location and year (Wade, 2002). 
This is likely to be due to the difficulties in quantifying certain sources and a lack of sampling from 
different wastewater streams. Concentrations of heavy metals were monitored by both Rule et al. 
(2006a) and Bowen et al. (2004) in their studies on source pathways of heavy metals and their 
results can be seen in Table 7. Overall their results indicated that the main contributing pathways 
for cadmium, mercury, and nickel were from commercial pathways, and the main contribution of 
lead was from runoff. Table 7 also summarises the findings on heavy metal sources and pathways 
in this section, (no industrial concentrations were found in literature). 
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Table 7 Summary of Heavy Metal Source, Pathways and Concentrations (Bowen et al. 2004, Rule et al. 2006a) 
Compound Source/Use Pathways (µg L
-1
) 
Domestic Commercial Industrial Runoff 
Cadmium Piping, Batteries, Paints, Plastics, Pigments, Alloys, Solders  (0.52)  (0.76)  ( - )  (0.45) 
Lead Piping, Solvents, Paints  (15.06)  (22.05)  ( - )  (32.39) 
Mercury Electrical equipment, Pigments, Dentistry, Photography 
Extensive withdrawal from market (Colarullo et al., 2006) 
 (0.25)  (0.59)  ( - )  (0.17) 
Nickel Alloys, Electroplating, Pigments, Batteries, Cosmetics, 
Detergents 
 (9.97)  (19.71)  ( - )  (8.75) 
 = inputs from pathway are expected 
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2.4.2 Fate and Behaviour in Wastewater  
 Heavy metals are persistent and do not break down in wastewater, and therefore their fate 
in wastewater is reliant upon adsorption, solubility of the metal, complexation, and physical 
trapping of by suspended solid flocs (Lester, 1987). Removal of metals during primary 
sedimentation is a physical process by which precipitated metals settle by themselves or bind to 
suspended solids via adsorption (or complexing to organic solids) and are subsequently removed 
via sedimentation of those solids (Thornton et al., 2001). Kempton et al. (1987) observed that 
increases in influent suspended solids concentrations resulted in higher metal removal, whereas 
increasing the hydraulic loading had the opposite effect. This is because the higher the 
concentration of suspended solids, the more binding sites there are for metals to attach themselves 
and therefore the greater the efficiency of removal. Hydraulic loading (i.e. flow-rate at which 
sewage influent enters the primary sedimentation tank) affects the sedimentation of solids such that 
the lower the rate the more efficient the settlement of suspended solids. Lester (1987) also 
discussed that lower hydraulic loading captures a greater range of particle sizes up to a cut-off point 
of between 35-125µm above which very little particulate matter will escape to effluent, thus 
increasing the settleability of metals out of suspension. 
 
 The solubility of a metal is also very important as it determines the ability of the element to 
adsorb to suspended solids. For example nickel is generally more soluble than the other metals and 
therefore its removal efficiency via physical processes during primary treatment (such as 
adsorption) is generally poor while those metals which are generally insoluble in wastewater (lead, 
cadmium, and mercury) have higher removal rates (Goldstone et al., 1990a, 1990b). 
 
 Secondary biological treatment is predominantly based on one of two processes, a 
biological reactor consisting of either suspended growth (activated sludge) or an attached growth 
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process (trickling filters) and the removal of metals via these processes is a combination of both 
physical and biological (Metcalf & Eddy, 2004). The mechanisms by which metals are removed 
are: physical trapping of insoluble metals to sludge floc (e.g. lead, cadmium, and mercury); 
accumulation of soluble metal by bacterial cells (nickel); binding of soluble metals to extra-cellular 
bacterial polymers (nickel); and volatilisation of metal to the atmosphere (mercury) (Lester, 1987). 
The first three processes above result in metals combining with suspended solids and eventually 
settling out in waste sludge. The last process, volatilisation, only occurs with mercury to form 
methyl mercury which is toxic and bioaccumulates in organisms. However, Thornton et al. (2001) 
suggested that volatilisation was not a significant route of removal of mercury due to the evidence 
of mercury found in sludge. 
 
 Goldstone et al. (1990a, 1990b) observed that lead, cadmium, and mercury are primarily 
associated with solids during secondary treatment, however considerable solubilisation of cadmium 
and lead occurred during activated sludge treatment, possibly due to the addition of anaerobic 
solids in the overflow from a waste activated sludge consolidation tank. The observed overall 
removal of nickel was different and was almost entirely associated with insoluble metal removal 
(Stephenson & Lester, 1987). It is also important to be aware that if biological treatment plants are 
overloaded with metals, toxic effects on bacteria and other microorganisms may result in poor 
quality effluents; although the microorganisms responsible for waste water treatment are able, 
within limits, to acclimatise to elevated metal concentrations (Stephenson & Lester, 1987). 
 
 In the UK removal of metals during secondary treatment has only been studied in any 
depth with regard to activated sludge, with only a few published studies on the removal efficiencies 
of metals via trickling filter (Table 8). From the results of these studies, it would appear that 
removal via trickling filters is generally lower than that achieved via activated sludge. In the case 
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of trickling filters, the bacterial film coating the contact material is stationary and likely to become 
clogged after some time. In the activated sludge process, the finer suspended matter of sewage 
itself contains the bacterial film, which is kept moving because of the constant agitation. The 
sludge floc contains active microorganisms which are being continuously swept through the 
sewage thus allowing the potential of physical trapping of insoluble metals and the binding of 
soluble metals by bacterial cells to occur in a much more efficient way (Karvelas, 2003). As a 
result, the efficiency of wastewater-activated sludge plants is higher than that of wastewater-
trickling filters. A summary of the removal rates published in literature can be seen in Table 8.  
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Table 8 Removal Rates of Heavy Metals from Primary, Trickling Filter, and Activated Sludge Processes 
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Treatment Process % Compound  
  
 
        
 
  
Primary Sedimentation (%) 
Cd 43 15 58 30 72 - 40 - - 71 - 30 - - 
Pb 67 46 63 50 73 - 56 - - 73 - 21 - - 
Hg - - 60 - - - 55 - - 32 - - - - 
Ni - 21 17 35 - - 24 - - 23 - 22 - - 
Primary Sedimentation + Trickling 
Filters (%) 
Cd - 29 - - - - - - 11 - - - - - 
Pb - 66 - - - - - - 20 - - - - - 
Hg - 47 - - - -  - 56 - 83 - - - 
Ni - - - - - - - - 47 - - - - - 
Primary Sedimentation + Activated 
Sludge (%) 
Cd 91  79 - 89 75 64 36 85 82 50 55 60 94 
Pb 93 43 91 - 92 80 - 60 82 82 88 31 40 70 
Hg - 17 83 - - 70 80 - 76  86 - 62 60 
Ni 61 - 17 - - 40 44 23 35 35 50 44 - 80 
Chapter 2: Background 
 
33 
 
2.5 Chemical Class 2: Polycyclic Aromatic Hydrocarbons (PAHs) 
 Polycyclic aromatic hydrocarbons (PAHs) are possible carcinogens and are formed due to 
the incomplete combustion of wood, carbon or oil (Bowen et al, 2003). This group includes 
anthracene, benzo(a)pyrene, benzo(b)fluoranthene, benzo(g,h,i)perylene, benzo(k)fluoranthene, 
indeno(1,2,3-cd)pyrene, fluoranthene, and napthalene. It should be noted that the „benzo‟ and 
„indeno‟ PAHs will be referred to as „Total PAHs‟, while when discussing all PAHs they will be 
referred to as PAHs 
 
2.5.1 Sources and Pathways 
 PAHs enter STWs due to the incomplete combustion during processes such as food 
preparation in households and food shops; discharge of certain petroleum products (from garages, 
vehicle washing and maintenance, fuel stations); and runoff containing car exhaust particles 
(Stevens et al. 2003). PAHs can also be excreted in human waste after inhalation of atmospheric, 
ingestion from fossil fuel combustion and tobacco smoke. Wade (2002) suggested that 
concentrations entering STWs vary greatly depending on location and study, for example the 
influent concentration of PAHs in UK was monitored at 5.6 - 349 µg L
-1
, compared to influent 
concentrations of PAHs monitored in France (0.05 - 0.44 µg L
-1
). Wood preservatives such as 
Creosote are a domestic source of PAHs and are a frequently overlooked source of contamination 
to wastewaters (Thornton 2001). PAHs represent approximately 85-90% of Creosote constituents 
(Cerniglia, 1992). Rule et al. (2006b) observed low levels of PAHs in domestic sources in their UK 
catchment study, and Wilkie et al‟s (1996) study in Australia found no PAHs above the analytical 
limit of detection (LOD) in their domestic sewage samples.  
 
 Commercial sources of PAHs were found to be generally higher than those from domestic 
sources (Rule et al., 2006b). Paxeus (1996) suggested that the source was both from the use of 
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petroleum-degreasing solvents and, more importantly, from the removal of oily dirt from vehicles 
that comes from asphalt and exhaust particles. Thus repair garages and petrol stations could be 
considered an important source. The report found that the largest contributions of PAHs were from 
naphthalene, and commercial sources of PAHs were found to be the most significant out of the four 
pathways (Bowen et al., 2004). Industrial sources of PAHs as discussed by Wade (2002) include 
processing plants such as: cement works; metal smelting; and aluminium production. Naphthalene 
in particular is used in industrial processes such as textile works and dye works. PAHs can also be 
found in lubricants and degreasers. 
 
 Runoff sources of PAHs were mainly attributed to vehicle exhaust emissions, which 
constitute a significant source of PAHs entering STWs. The compounds adhere to particles in the 
surrounding area and are flushed from roads, pavements, verges, and vehicles during rainfall events 
(Bomboi & Hernandez, 1990). Thornton (2001) also suggested that soil is one the main repositories 
for PAHs and that volatilisation and/or runoff from soil could be a significant source entering 
STWs. Rule et al (2006b) reported a „first flush‟ effect for PAHs similar to that which occurs with 
metals. Murakami et al. (2004) stated that PAHs concentrations in raw sewage influent during 
heavy rainstorms may be up to 100 times that which occurs during dry weather flow.  
 
 Table 9 summarises the findings on PAHs sources and pathways in this section, it also 
presents the average monitored concentrations observed by Rule et al. (2006b) and Bowen et al. 
(2004) on pathway concentrations (industrial concentrations were not found in literature). It was 
observed that anthracene was not detected in any pathway, and the dominant pathway for 
naphthalene, fluoranthene, and Total PAHs was commercial. Where concentrations were detected 
below the LOD, the LOD value was taken in order to represent the worst case scenario.  
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Table 9 Summary of PAH Sources, Pathways and Concentrations (Bowen et al. 2004, Rule et al. 2006b) 
Compound Source/Use Pathways (µg L
-1
) 
Domestic Commercial Industrial Runoff 
Anthracene Wood preservatives, Insecticides, Dyes  (0.05)*  (0.05)*  ( - )  (0.05)* 
Fluoranthene Intermediate for dyes (fluorescent), Pharmaceuticals, 
Insecticides. 
 (0.19)  (2.10)  ( - )  (0.05)* 
Naphthalene Insecticide, Biocide, Plastics, Dyes, Petrol  (0.16)  (0.73)  ( - )  (0.31) 
Total PAHs (include: 
Benzo(a)pyrene, 
Benzo(b)fluoranthene, 
Benzo(g,h,i)perylene, 
Benzo(k)fluoranthene, 
Indeno(1,2,3-cd)pyrene) 
Combustion by-products, Petrol-based lubricants/degreasers  (1.52)  (3.16)  ( - )  (1.72) 
 = input from pathway is expected.  = input from pathway not expected (corresponding values will be positive due to the analytical limit of detection). * Concentrations < LOD   
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2.5.2 Fate and Behaviour in Wastewater 
 PAHs are non-polar lipophilic, hydrophobic micropollutants, and have low solubility in 
water, and are therefore primarily removed from wastewater via adsorption (Davies, 1982). The 
lipophilicity, environmental persistence, and carcinogenicity increase as the molecular size of PAHs 
increases. This can be seen in Figure 2 where the Log Kow values of the PAHs increase with the 
number of benzene rings indicating lipophilic tendencies (Birkett & Lester, 2003). The removal of 
PAHs during primary sedimentation is principally a function of their molecular weight and adsorption 
potential (Figure 2), i.e. as the compound‟s molecular weight increases so does its adsorption potential 
(Vogelsang et al., 2006). It has been estimated that PAH removal during primary sedimentation can 
be up to 60% (Table 10) with the primary process of removal being adsorption.  
 
 During secondary biological treatment, removal is also governed by adsorption, although 
volatilisation and biodegradation may play a small part in removal (Bergquvist et al., 2006). Indeed 
PAHs have been shown to be degraded by bacteria present in biological treatment processes, however 
a long acclimation period was required (Thornton et al., 2001). In general, the rate of biodegradation 
of PAHs is inversely proportional to the number of benzene rings in the PAH molecule, thus lower 
weight PAHs are more rapidly biodegraded (Cerniglia, 1992). This was observed in Greece where 
low molecular weight PAHs were removed efficiently but higher weight compounds were found to be 
resistant to biological degradation. Furthermore, those lighter species were more prone to 
volatilisation mechanisms such as naphthalene due to the lower adsorption potential (Log Kow 3.4) 
(Nikolaou et al., 2002). Henry‟s law constant values shown in Figure 2 determine the volatility of 
PAHs in the aquatic environment. All PAHs are moderately volatile, while PAHs with four or more 
benzene rings show insignificant loss through volatilisation due to the increased adsorption potential 
(Bergquvist et al., 2006). Reported removal efficiencies of PAHs in literature have been presented in 
Table 10 and are generally high for both trickling filters and activated sludge. However, only a few 
studies have been conducted which indicates that more research needs to be carried out in this area. 
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The physicochemical properties of PAHS have been collated in  Figure 2, and in summary, high 
removal rates of PAHs are expected from both secondary treatment types, especially from species 
with higher molecular weights such as anthracene as their physicochemical properties indicate that 
they readily adsorb to suspended solids in wastewater (Lester, 1987, Thornton, 2002). 
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Figure 2 Physicochemical Properties of PAHs (data collated from Byrns, 2001, Okouchi et al. 1992, O’Neil et al. 2001, Stevens, 2003) 
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Table 10 Removal Rates of PAHs from Primary, Trickling Filter, and Activated Sludge Processes 
References 
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Treatment Process % Compound   
   
Primary Sedimentation (%) 
Anthracene - 42 - - - 
Fluoranthene - - - - - 
Naphthalene - 11 - - - 
Total PAH - 62 - - - 
Primary Sedimentation + Trickling Filters (%) 
Anthracene - - - - - 
Fluoranthene - - - - - 
Naphthalene - - - - 92 
Total PAH - - - - - 
Primary Sedimentation + Activated Sludge (%) 
Anthracene 97 - 67 97 - 
Fluoranthene 88 - - - - 
Naphthalene - - 67 93 100 
Total PAH - - 67 97 99 
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2.6 Chemical Class 3: Surfactants 
 Surfactants are a group of synthetic micropollutants which are the main active agents in all 
washing and cleaning agents and are the largest class of anthropogenic organic compounds present 
in raw domestic wastewater (Thornton et al., 2001). Alkylphenols (nonylphenol (NP) & 
octylphenol (OP)) are the more toxic breakdown products of alkylphenol polyethoxylates, and both 
NP and OP are considered to be highly toxic to aquatic organisms and have the potential to cause 
significant endocrine disruption (Auriol et al., 2006). Linear alkylbenzene sulphonate (LAS) is also 
a surfactant which is derived from petroleum derivatives and has also been found to have endocrine 
disrupting properties (Langford et al., 2005a, 2005b). LAS currently represents one-third of the 
active ingredients in detergents world-wide (Temmink & Klapwijk, 2004). 
 
2.6.1 Sources and Pathways of Surfactants 
 The main domestic sources of surfactants are from household detergents. Surfactants are 
considered to be ubiquitous in the wastewater of domestic sources and are of significant concern in 
urban wastewater, especially LAS (Bowen et al., 2004). Commercial uses of surfactants (in 
particular NP) are also ubiquitous and found in detergents for car-washing, restaurants, 
hairdressers, schools, hospitals, and public houses. Rule et al.‟s (2006a) study found that the 
highest concentrations of NP were found in commercial wastewater, compared to LAS 
concentrations which were generally lower than domestic inputs. 
 
 The main industrial sources of OP are from the production of phenol/formaldehyde resins 
(98% of use) and in the manufacture of octylphenol ethoxylates (2% use). The end uses from the 
manufacture of these products are various e.g. a tackifier in rubber for tyres, water-based paints, 
and pesticide formulations (as a dispersant) (OSPAR, 2006). NP is also a component in industrial-
grade detergents. Ahel et al. (1994) found that LAS was not significant in industrial inputs.  
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 Runoff sources of NP  have been found in significant concentrations and have been 
attributed to car washing activities (Mungray & Kumar, 2008). A „first flush‟ effect was observed 
by Bowen et al. (2004) as NP adsorbs to particulate matter, accumulates, and is subsequently 
removed with runoff. Any OP released to the atmosphere is likely to be degraded rapidly by 
reaction with hydroxyl radicals (OH
-
) (estimated half-life in air is approximately 3 hours) and 
deposition of the substance from the atmosphere is likely to be negligible with resulting rainwater 
concentrations being low (OSPAR, 2006). Runoff from LAS was not detected above the LOD (1 
µg L
-1) in Rule et al.‟s study (2006b). 
 
 Although literature outlining influent concentrations of surfactants to STWs is limited, 
there is evidence to suggest that concentrations have decreased in recent years all over Europe, as 
NP and OP are being actively phased out of common use (Colarullo et al., 2006). Table 11 
summarises the findings on surfactant sources and pathways in this section and presents the 
average monitored concentrations observed by Rule et al. (2006a) and Bowen et al. (2004) on 
pathway concentrations (industrial concentrations were not monitored). The findings indicate that 
domestic inputs for LAS are the most significant, and commercial inputs for NP and OP are the 
most dominant.  
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Table 11 Summary of Surfactant Sources, Pathways, and Concentrations (Bowen et al. 2004, Rule et al. 2006b) 
Compound Source/Use Pathways (µg L
-1
) 
Domestic Commercial Industrial Runoff 
Linear alkylbenzene sulfonate (LAS) Detergent  (10.2)  (3.8)  ( - )  (1.0)* 
Nonylphenol (NP) Detergent (precursor banned in 1986), Pesticides, Paints, and Plastics 
Extensive reductions in use (Colarullo et al., 2006) 
 (8.2)  (18.2)  ( - )  (4.3) 
Octylphenol (OP) Detergent (phased out of common use)  (1.0)*  (1.5)  ( - )  (1.0)* 
 = input from pathway is expected.  = input from pathway not expected (corresponding values will be positive due to the analytical limit of detection). * Concentrations < LOD   
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2.6.2 Fate and Behaviour in Wastewater 
 All surfactants have an asymmetric skeleton with a hydrophobic and hydrophilic moiety. 
The hydrophilic part generally consists of a linear or branched alkyl chain, which is then linked to a 
hydropobic group (Dunnivant & Anders, 2006). Because of this bifunctionality, both parts of the 
surfactant molecule interact differently with water. The hydrophilic group is surrounded by water 
molecules, which results in good solubility, whereas the hydrophobic group is repulsed because it 
interferes with the strong interactions between the water molecules. Hence the molecules are 
repelled out of the aqueous phase and accumulate at the interface between solution and the gas or 
solid phase (Knepper and Eichhorn, 2006).  
 
 According to the charge of their hydrophilic group, surfactants in this section can be 
classified into two categories: anionic (negative charge, often reactive), and nonionic (no charge). 
LAS are anionic surfactants and consist of an alkyl chain ranging from 10 to 14 carbons. This chain 
is subject to aerobic biodegradation in secondary treatment with numerous studies reporting that 
the metabolism starts with the oxygenation of one of the methyl groups of the alkyl chain (Knepper 
and Eichhorn, 2006). Thornton et al. (2001) reports that LAS is specifically added to detergents due 
to the fact that it is readily biodegradable via aerobic processes. Indeed, the reported removal rates 
during wastewater treatment are particularly high (Table 12).  
 
 Non-ionic surfactants such as nonylphenol polyethoxylates (NPEOx) and octylphenol 
polyethoxylates (OPEOx) are also subject to biodegradation during secondary treatment and starts 
with a shortening of the ethoxylate chain, for example NPEOx will be biodegraded into short chain 
NP which is the most persistent metabolite of NPEOx. NP has been reported to be formed mostly 
under anaerobic conditions (Ejlertsson, 1999). Langford et al.‟s (2005a) study suggested as the 
ethoxylate chain is reduced the metabolites become more toxic and more hydrophobic and 
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therefore the dominant removal mechanism becomes adsorption. Ultimate biodegradation of these 
compounds occurs more slowly, if ever, because of the presence of the hydrophobic phenol group 
(Figure 3). It can also be seen in Figure 3 that both NP and OP have high Log Kow values (5.4 & 
5.3) indicating that their adsorption potential is high. 
 
 Overall, no removal data was found for surfactants during primary sedimentation. During 
secondary treatment, LAS would be expected to be removed predominantly through 
biodegradation. NP and OP however, would be expected to be removed predominantly via 
adsorption to suspended solids removal due to their hydrophobic properties (presented in Figure 3). 
The majority of the studies presented in Table 12 indicate that all three micropollutants can be 
removed by over 90% during conventional secondary treatments. 
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Figure 3 Physicochemical Properties of Surfactants (data collated from Okouchi et al. 1992, O’Neil et al. 2001, Mungray, 2008) 
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Table 12 Removal Rates of Surfactants from Primary, Trickling Filter, and Activated Sludge Processes 
References 
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Treatment Process % Compound  
  
 
      
 
  
Primary Sedimentation (%) 
LAS - - - -  - - - - - - - 
NP - - - - - - - - - - - - 
OP - - - - - - - - - - - - 
Primary Sedimentation + Trickling Filters 
(%) 
LAS - -  - - - - - - - - - 
NP - - 90 - - - - - - 93 - - 
OP - - 90 - - - - - - 70 - - 
Primary Sedimentation + Activated Sludge 
(%) 
LAS 98 - - 99 - - - - 92 - 94 - 
NP - 92 90 98 99 85 71 90 96 92 - 22 
OP - 71 90 - 90 - 73 - 83 98 - - 
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2.7 Chemical Class 4: Flame Retardants 
 Flame retardants such as pentabrominated diphenylether (PeBDE), C10-13-chloroalkanes 
(C10-13 PCAs), and pentachlorobenzene (PeCB) have been used in thermoplastics since the 1960s 
to suppress or delay combustion. The use of flame retardants has increased during the last 10 years 
due to stricter fire regulations in many countries and increased use of plastic materials and 
synthetic fibres (Law et al., 2006). 
 
 PeBDE is used in paint, high-impact plastic, foam, and textiles, as well as in electronic, 
building, automotive, furniture, and household plastic products. The concentration of PeBDE 
incorporated into the polymer material can range from 5 to 30% of the product by weight. PeBDE 
is also sold commercially as a blend with triaryl phosphate for use in polyurethane foams (IPCS, 
1994). 
 
 C10-13 PCAs are a group of hydrocarbons with a variety of applications (flame retardants, 
plasticisers in PVC and other plastics, sealants, and paints (Alcock et al., 1999). They are known as 
short-chain chlorinated paraffins (SCCPs) that have a carbon chain length of 10 to 13 carbon 
atoms. Little is known about their environmental behaviour; however, they may be carcinogenic 
and sufficiently persistent to pose a threat to aquatic and human receptors (Alcock et al., 1999).  
 
 PeCB had a variety of applications in the past (e.g. fungicide, flame retardants, and in 
dielectric fluids). It is now considered a minor concern in the UK because it is not manufactured or 
used in any products because it is considered an endocrine disrupting compound (EDC), however 
there is little information concerning its concentration from different sources (Bailey et al., 2009, 
Chaisuksant et al., 1997). 
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2.7.1 Sources and Pathways 
 Domestic sources of flame retardants are primarily from plastics, textiles, furnishing foam, 
and wire and cable insulation. Langford et al. (2005a) claimed 700,000 tonnes were produced in 
1999 and this has risen by 3-6% year on year. Alcock et al. (1999) stated that these compounds saw 
an increase in use due to increased fire regulations in many countries, and the increased use of 
plastics and synthetic fibres. Rule et al. (2006b) reported that C10-13 PCAs were not detected 
above the LOD (0.5 µg L
-1
)
 
in domestic, commercial, or runoff pathways. There is little published 
literature on potential sources of this compound and it is thought that their contribution to 
wastewater is negligible.  
 
 PeBDE is used prolifically as flame-retardants in domestic applications and it is expected 
that detectable concentrations would make their way to STWs‟ influent. Rule et al. (2006b) 
reported that domestic sources were the main contributor of these compounds to wastewater, with 
household upholstery and furniture derived from polyurethane foams being reported as the main 
source. It must be noted that post Rule et al‟s. (2006b) monitoring study, use of PeBDE has been 
banned in the EU, although it is likely to still be present in domestic influent due to dust from 
deteriorating old foam furniture (Colarullo et al., 2006). 
 
 Commercial sources of flame retardants are expected to originate from hospitals, schools, 
and office buildings, however, little is presently known about commercial inputs from this 
pathway. Rule et al. (2006b) and Bowen et al. (2004) studied the inputs from commercial 
environments and their results can be seen in Table 13. The monitored values reported suggest that 
the commercial pathway is not significant for any of the compounds. 
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 Flame retardants may be released into STWs from industrial production, either by 
degradation of products containing flame retardants or possibly by the migration and volatilisation 
from products that contain them. Contamination of water and aquatic sediments by PeCB can occur 
through industrial discharge, leaching from toxic waste disposal sites, or as a result of degradation 
of other organochlorine compounds such as lindane and hexachlorobenzene (Feo et al., 2009). 
 
 Given the nature and of use of flame retardants, it is thought that inputs from runoff would 
be unlikely. In a study of sewage sludge from a treatment plant in Sweden, concentrations of 
PeBDE in the sludge were similar during a rainy period (21 ng g
-1
 dry weight) as during a period of 
little rain (25 ng g
-1
 dry weight), indicating that PeBDEs in sewage sludge were from domestic, 
commercial and industrial effluents with little input from runoff (de Boer et al., 1999).  
 
 From the limited research available, it appears that PeBDEs are the only substances within 
the flame retardant class that may cause concern regarding the WFD. Furthermore, it is plausible 
that the only major source of PeBDE is from domestic contributions originating from polyurethane 
foams. The results from Rule et al. (2006b) and Bowen et al.‟s (2004) monitoring studies can be 
seen below in Table 13, which summarises the findings and concentrations on flame retardant 
sources and pathways in this section (industrial concentrations were not monitored).  
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Table 13 Summary of Flame Retardants Sources, Pathways, and Concentrations (Rule et al. 2006a & Bowen et al. 2004) 
Compound Source/Use Pathways (µg L
-1
) 
Domestic Commercial Industrial Runoff 
C10-13-Chloroalkanes (C10-13 PCA) Flame retardants, Sealants, Plasticisers, Paints  
Marketing and use restrictions applied in 2003 (Colarullo et al., 
2006) 
 (0.5)*  (0.5)*  ( - )  (0.5)* 
Pentabrominated diphenylether 
(PeBDE) 
Flame retardant 
Banned in furniture foam from 2005 (Colarullo et al., 2006) 
 (0.68)  (0.05)*  ( - )  (0.05)* 
Pentachlorobenzene (PeCB) Flame retardant, Intermediate in pesticide manufacture.  
Marketing and use restrictions applied in 2001 (Colarullo et al., 
2006) 
 (0.002)*  (0.002)*  ( - )  (0.002)* 
 = input from pathway is expected  = input from pathway not expected (corresponding values will be positive due to the analytical limit of detection). * Concentrations < LOD   
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2.7.2 Fate and Behaviour in Wastewater 
 Alcock et al. (1999) stated that little is known regarding the physical and chemical 
properties of flame retardants, nor of their environmental behaviour in wastewater. The study did 
suggest however that overall these compounds are quite persistent and therefore would not be 
easily degraded. 
 
 Law et al. (2006) and Langford et al. (2005a) discussed that PeBDEs are hydrophobic and 
lipophilic and will preferentially adsorb to suspended solids and have a relatively high resistance to 
degradation processes which is reflected in the high Log Kow value (8.4) (Figure 4). In addition 
Langford et al. (2005a) suggested that the number of bromine atoms in each PBDE will determine 
adsorption ability. The study showed that decreasing bromine atoms will decrease the 
hydrophobicity of the compound and this will result in decreased adsorption. It has also been 
observed that biodegradation during secondary treatment can occur via the debromination of the 
micropollutant, however the microorganisms need a long acclimation period for this to occur 
(Rahman et al., 2001).  
 
 PeCBs are also lipophilic and hydrophobic and insoluble in water, they are very persistent 
and do not biodegrade. They also adsorb strongly to sludge and sediments in wastewater and are 
therefore likely to bioaccumulate (reflected in the high Log Kow value of 5.2). Degradation rates of 
PeCB have been studied under many conditions but little evidence of aerobic biodegradation in 
wastewater has been recorded (Law et al., 2006).  
 
 C10-13 PCA, like most chlorinated aromatics, is not expected to hydrolyse under 
environmental conditions (Boethling and Mackay, 2000). The Log Kow value (6.8) (Figure 4) for 
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C10-13 PCA is also high, typical of compounds that partition onto particulate organic carbon and 
dissolved organic carbon in aquatic systems (Feo et al., 2009). Biodegradation of C10-13 PCA 
strongly depends on previous acclimatisation of microbes and chain length; C10-13 PCA has a 
short chain length and biodegrades relatively quickly (Feo et al., 2009). Generally, C10-13 PCA is 
hydrophobic and non-volatile, and is likely to be associated with particles in aquatic systems. The 
limited biodegradation data suggest that C10-13 PCA is less persistent in water, sediments or biota 
than other organochlorines.  
 
 In summary, the persistent nature of flame retardants in the environment reflects their 
resistance to biodegradation (Rahman et al., 2001). However, as discussed above, the hydrophobic 
nature of the compounds suggests that adsorption to primary and secondary sludge during 
conventional wastewater treatment will be the dominant mechanisms for removal (Figure 4). It is 
difficult to determine removal rates during wastewater treatment due to the limited literature 
available for these compounds. However, the data published for activated sludge plants suggests 
that removal rates for flame retardants are high >90%. It would be expected that trickling filter 
plants may not achieve such high removal rates due to reduced surface area of the bacterial film as 
it is coated on stationary contact material which reduces the availability for adsorption to occur, as 
opposed to activated sludge where the microorganisms are free in suspension providing a large 
surface area for adsorption (Table 19). 
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Figure 4 Physicochemical Properties of Flame Retardants (data collated from Boethling & Mackay, 2000, Okouchi et al. 1992, O’Neil et al. 2001) 
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Table 14 Removal Rates of Flame Retardants from Primary, Trickling Filter, and Activated Sludge Processes 
References 
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Treatment Process % Compound    
Primary Sedimentation (%) 
C10-13 PCA - - 
PeBDE - - 
PeCB - - 
Primary Sedimentation + Trickling Filters (%) 
C10-13 PCA - - 
PeBDE - - 
PeCB - - 
Primary Sedimentation + Activated Sludge (%) 
C10-13 PCA 93 - 
PeBDE - 98 
PeCB - - 
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2.8 Chemical Class 5: Industrial Chemicals 
 The industrial chemicals group of micropollutants largely consists of chemical solvents and 
includes benzene, 1, 2-dichloroethane, dichloromethane, di (2-ethylhexyl) phthalate (DEHP) (a 
plasticiser), hexachlorobenzene (HCB), hexachlorobutadiene, hexachlorocyclohexane (HCH), 
trichlorobenzene (TCB), trichloromethane, tetrachloroethylene, and trichloroethylene. These 
chlorinated and non-chlorinated compounds are present in a large range of products such as car 
shampoos and degreasing products, household cleaners and degreasing agents from vehicle 
maintenance and production (Ross, 2002).  
 
2.8.1 Sources and Pathways  
 The principal sources of pollution from chlorinated and non chlorinated chemicals are from 
commercial activities such garage activities and dry cleaners (Marttinen et al., 2003). Nevertheless, 
domestic sources from aerosols and other agents are not negligible. Further domestic sources of 
industrial chemicals are from cleaners, degreasers, shampoos, and plastics (Thornton et al., 2001). 
In Rule et al.‟s (2006b) study only concentrations of dichloromethane, trichloromethane, and 
DEHP were found above the LOD and reached up to 5 μg L-1. Wilkie et al. (1996) found similar 
levels of trichloromethane in domestic sewage, and suggested that it may be formed in transit to 
STWs as a result of the use of bleaches and chlorination practices in water treatment.  
 
 Domestic sources of DEHP are thought to be the most significant of all industrial 
chemicals. In Germany, the total production of DEHP in 1988 was 234,000 tonnes. Of this, 1% was 
discharged to STWs (Klopffer, 1996). Mattson et al. (1991) estimated that household contributions 
of phthalates to the Gothenburg sewage works was 70% of the total phthalate load, with the two 
major sources originating from floor and wall coverings and textiles with PVC prints. 
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 Domestic sources of benzene are also thought to be low, with trace concentrations 
originating from toiletries and cosmetic disposal. Hexachlorobutadiene, hexachlorobenzene and 
trichlorobenzenes are not expected to be found in domestic inputs as they mainly originate from 
industrial manufacturing (Fauser, 2003). DEHP‟s major use is for PVC (95%) and is predominantly 
released from domestic sources. It is found in newer housing estates due to greater affinity for 
leaching from newer plastics and PVC as well as laminate flooring (Bowen et al., 2004). 
 
 Amongst commercial sources, garages consumed around 15,000 tonnes of solvents in 
1988, about 60% of which is lost to the atmosphere and the rest as waste. Of the remaining 6,000 
tonnes, of waste solvent some will be discharged into STWs (Europa, 2001). Dry cleaning 
consumed around 19,500 tonnes of solvents in 1988 and it has been determined that 0.00003 kg per 
100 kg of solvents entered municipal wastewater (Europa, 2001). Other commercial sources of 
solvents include cleaning and degreasing products from schools, hospitals, and nursing homes. In 
particular, trichloromethane originates from bleaches in hospitals, clinics and schools, and 1, 2-
dichloroethane from dentists and hospitals from PVC leaching. Rule et al. (2006b) stated that 
DEHP was ubiquitous in commercial inputs, with highest concentrations originating from new 
offices due to greater leaching from newer plastics, PVCs, and laminate flooring. This was 
confirmed by Wilkie et al. (1996) who made similar findings in their study. Paxéus (1996) 
suggested that vehicle washing is another commercial source, as a result of the compounds in the 
oily dirt and grime being washed off into the sewerage system.  
 
 Industrial inputs are also an important source of industrial chemicals into wastewater. They 
are used in the manufacturing process of many products, such as pharmaceuticals, dyes, plastics, 
resins, nylon and synthetic fibres, rubbers, lubricants, and detergents (Rogers, 1996). These 
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compounds are regulated by the Water Industry and EA to limit discharges into municipal 
wastewater. 
 
 Sources of industrial chemicals from runoff vary according to the use of micropollutant. 
Bowen et al. (2004) also found concentrations of DEHP, DCM, and trichloromethane1-2 
dichloromethane in runoff samples but none of the other compounds were found. The limited 
research on urban sources suggested the amount from car washing is insignificant. Wade (2002) 
suggested the principal mode of entry is through evaporative loss at sites of manufacture and enter 
wastewater via particulate fallout, rain, and vapour-phase deposition. 
 
 There was a lack of literature available on urban sources of the aforementioned industrial 
chemicals and of the monitoring studies that have been undertaken; the only micropollutants that 
have shown themselves to be of potential concern are DEHP, DCM and trichloromethane (with the 
addition of tetrachloroethlyene and TCE in commercial sources). Overall the majority of the 
compounds in this section were below the LOD. Table 15 summarises the findings on industrial 
chemical sources and pathways and concentrations in this section (Rule et al., 2006b, Bowen et al., 
2004). Industrial concentrations were not monitored.  
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Table 15 Summary of Industrial Chemical Sources, Pathways, and Concentrations (Rule et al., 2006b, Bowen et al., 2004) 
Compound Source/Use Pathways (µg L
-1
) 
Domestic Commercial Industrial Runoff 
Benzene Petrol & diesel component, Toiletries, Solvents, Organic chemicals 
& plastics 
 (0.2)*  (0.6)  ( - )  (0.2)* 
1,2-Dichloroethane Intermediate in production of PVC & other organics  (0.1) *  (0.1) *  ( - )  (0.1) * 
Dichloromethane (DCM) Paint stripper, Degreaser  (9.8)  (29.1)  ( - )  (9.1) 
Di(2-ethylhexyl)phthalate (DEHP) Plasticiser  (66.2)  (35.9)  ( - )  (29.9) 
Hexachlorobenzene (HCB) Solvent used to make synthetic tyres & CFCs, Fungicide  
Banned in 1975 (Colarullo et al., 2006) 
 (0.003)*  (0.003)*  ( - )  (0.003)* 
Hexachlorobutadiene (HCBD) In chemical manufacture, tyre & refrigeration production, fungicide. 
Banned: identified as persistent organic pollutant
8
 (Colarullo et al., 
2006) 
 (0.003)*  (0.003)*  ( - )  (0.003)* 
Hexachlorocyclohexane (HCH), Used in wood manufacture, Insecticide & fungicide  
No longer produced (Colarullo et al., 2006) 
 (0.003)*  (0.003)*  ( - )  (0.003)* 
Trichlorobenzene (TCB), Lubricant, Degreaser, Pesticide manufacture  (0.003)*  (0.003)*  ( - )  (0.003)* 
Trichloromethane Plasticiser, Lubricant, Industrial solvent, Used in domestic bleach  (3.3)  (4.1)  ( - )  (0.6) 
Tetrachloroethylene Solvent in dry cleaning, Degreaser, Paint stripper  (0.4)*  (15.5)  ( - )  (0.4)* 
Trichloroethylene (TCE) Degreaser  (0.4)*  (4.6)  ( - )  (0.4)* 
 = input from pathway is expected  = input from pathway not expected (corresponding values will be positive due to the analytical limit of detection). * Concentrations < LOD   
                                                 
8
 Persistent Organic Pollutants (POPs) are chemical substances that persist in the environment, bioaccumulate through the food web, and pose a risk of causing adverse 
effects to human health and the environment. 
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2.8.2 Fate and Behaviour in Wastewater 
 The majority of the industrial chemicals are hydrophobic and (semi-)volatile. In their 
biodegradability assessment of various organic pollutants Lapertot and Pulgarin (2006) found that 
1, 2- dichloroethane underwent some bacterial degradation (25%) and suggested that microbial 
populations can adapt to remove it. In contrast the same study reported no removal of 
dichloromethane by the same process and suggested this compound may in fact cause cell lysis of 
microbial populations. However it is doubtful that concentrations in wastewater streams would be 
high enough to affect the biological treatment process.  
 
 During conventional wastewater treatment DEHP was reported to strongly partition to 
sludge through adsorption (Log Kow 9), therefore low concentrations can be expected in the final 
effluent (Alcock et al., 1999). Chlorinated solvents, such as dichloromethane, 1, 2-dichloroethane, 
and trichloromethane, are all volatile organic compounds which is reflected in their high Henry‟s 
Law Constant values in Figure 5 (Rodríguez et al., 2005). As such they have very high potential for 
evaporation from wastewater; therefore negligible quantities should remain in the secondary treated 
effluent. These compounds have also been reported as having low biodegradable potential 
(Rodríguez et al., 2005). Trichlorobenzene also exhibits low biodegradation potential, but has been 
found to adequately adsorb to suspended solids (Log Kow 3.9) (Cai et al., 2007). 
 
 Given the hydrophobicity and volatility of these compounds it is most likely that most of 
the substances in this class will be removed primarily by partitioning to solids as well as a certain 
degree of volatilisation (Lester, 1987, Marttinen et al., 2003). Overall, given the very high removal 
rates reported in literature for this class of compounds (illustrated in Table 16), it would appear that 
efficient removal is carried during both trickling filter and activated sludge processes. 
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Figure 5 Physicochemical Properties of Industrial Chemicals (data collated from Cai et al., 2007, Okouchi et al. 1992, O’Neil et al. 2001, Rodriguez, 
2005) 
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Table 16 Removal Rates of Industrial Chemicals from Primary, Trickling Filter, and Activated Sludge Processes 
References 
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Treatment Process % Compound              
Primary Sedimentation (%) 
Benzene 5 - - - - - - - - - - - - 
1,2-Dichloroethane - - - - - - - - - - - - - 
DCM 4 - - - - - - - - - - - - 
DEHP - - - - - - - - - - - - - 
HCB - 55 - - - - - - - - - - - 
HCBD - - - - - - - - - - - - - 
HCH - - 15 - - - - - - - - - - 
TCB - - - - - - - - - - - - - 
Trichloromethane - - - - - - - - - - - - - 
Tetrachloroethylene - - - - - - - - - - - - - 
TCE - - - - - - - - - - - - - 
Primary Sedimentation + 
Trickling Filters (%) 
Benzene - - - - - 98 - 98 - - - - - 
1,2-Dichloroethane - - - 90 - - - - - - - - - 
DCM - - - 90 - - - - - - - - - 
DEHP - - - - - - - 75 - - - - - 
HCB - - - - - 74 - - - - - - - 
HCBD - - - - - 83 - - - - - - - 
HCH - - - - - 27 - - - - - - - 
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TCB - - - - - 88 - - - - - - - 
Trichloromethane - - - - - - - - - - - - - 
Tetrachloroethylene - - - - - - - - - - - - 70 
TCE - - - - - 70 - - - - - - - 
100Primary Sedimentation + 
Activated Sludge (%) 
Benzene - - - - - 100 72 100 - - - - - 
1,2-Dichloroethane - - - - - - - 100 - - - - - 
DCM - - - 95 - - - - - - - - - 
DEHP - - - 95 - - - - - 98 97 - - 
HCB - 95 - - - 97 - - - - - - - 
HCBD - - - - - 100 - 100 - - - - - 
HCH - - - - - 65 - - - - - 79 - 
TCB - - - - - 100 - 100 - - - - - 
Trichloromethane - - - - - 91 96 - - - - - - 
Tetrachloroethylene - - - - - - - - - - - - 70 
TCE - - - - - - - - - - - - 70 
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2.9 Chemical Class 6: Pesticides 
 The pesticide and herbicide compounds under the WFD are all synthetic chemicals, 
manufactured for their toxic properties to targeted species (Grey, 2005). The main route by which 
pesticides enter the aquatic environment is agricultural runoff. However pesticides also enter 
wastewater through urban runoff pathways, from road and rail weed treatment, application to 
gardens, parks and urban woodland areas and can be a common component of urban wastewater. 
The pesticide group includes alachlor, atrazine, chlorfenvinphos, chlorpyrifos, diuron, endosulfan, 
isoproturon, pentachlorophenol (PCP), simazine, tributyltin, and trifluralin. 
 
2.9.1 Sources and Pathways  
 The main pathway for pesticides and herbicides entering wastewater is via urban runoff. 
They are used in road maintenance to control weeds and pests on the roadsides and verges. The 
triazine group of herbicides, including atrazine and simazine, has been used extensively for 
roadside weed clearance and is more soluble and mobile than other organochlorine pesticides. 
Revitt et al. (2002) suggested that a combined level of atrazine and simazine above 1μg L-1 was 
not uncommon in wastewaters near motorways. Cooke et al. (2004), reported that half of pesticides 
in urban runoff are associated with particles <63 μm, although these particles are less than 6% of 
the total suspended solids load in STWs. 
 
 In urban areas, local authorities heavily rely on pesticides and herbicides to control 
unwanted vegetation and pests in the community. The main herbicides used in the UK are of the 
triazine group of herbicides and the phenyl urea group of herbicides (e.g. diuron, and isoproturon) 
(Revitt et al., 2002). Of the phenyl urea compounds, only diuron is widely used in the urban 
environment (because the use of isoproturon has been banned) and in 1989 this herbicide accounted 
for 13% of the total 550 tonnes of active ingredient used in the UK (DEFRA, 1991). The 
comparable use of triazines was 39% but following the introduction of restrictions for the non-
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agricultural use of these herbicides in 1992, many users converted to the use of diuron for the 
control of vegetation in urban environments (White and Pinkstone, 1995).  
 
 Domestic and commercial sources of pesticides include antimicrobials, herbicides, and 
insecticides. These are used within homes, private gardens, offices, and hospitals, and enter STWs 
by being poured down the drain. However, information on the quantities applied is not available in 
published literature. Grey (2005) suggested that although little is known about how pesticides are 
used or disposed of in households in the UK, concentration patterns in urban pathways were 
consistent with the characteristics of the local growing season. Blanchoud et al. (2004) reported 
that the average concentration of diuron in wastewater receiving urban runoff was 5 μg L-1, and 
attributed this to entirely domestic use. However, Bowen et al. (2004) observed all pesticides in 
domestic and commercial were below the LOD (Table 17) Industrial inputs from pesticides would 
only occur during pesticide production. 
 
 The removal of pesticides and herbicides by rainfall runoff is influenced by rainfall 
characteristics, the time interval between herbicide applications, the precipitation event, the 
properties of the herbicide, and the surface it is applied to. However, the full range of factors that 
influence herbicide release from sites of application and the mechanisms governing the transport to 
STWs are not fully understood (Bucheli et al., 2008, Soller et al., 2005). Bowen et al.‟s (2004) 
study indicated that pesticide and herbicide concentrations in runoff were significant after 
application of pesticides by councils, or other bodies, but analysis of runoff wastewater samples 
concluded that all pesticides were below the analytical LOD (Table 17). 
 
 There was a lack of literature available on urban sources of a number of pesticides in this 
category, such as chlorfenvinphos, chlorpyrifos, endosulfan, pentachlorophenol (PCP), simazine, 
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and trifluralin, possibly due to their limited use. For example the use of the chlorinated pesticide 
and herbicide compounds (chlorfenvinphos, and chlorpyrifos) in Europe has been falling for many 
years because of the restrictions regarding their use. Their presence in the UK environment now 
appears to be largely a result of past use and atmospheric transport from areas of the world where 
they are still used (Stevens et al., 2003). Little information was found on tributyltin, a fungicide in 
wood preservatives, although it is not expected to be found in any significant levels in any 
pathways as it is banned as an antifoulant (Bowen et al., 2004). In fact all pesticides and herbicides 
in this section have been either banned or have usage restrictions applied on them, with the 
exception of diuron which is still commonly used in urban areas. 
 
 Table 17 summarises the findings on pesticide sources and pathways in this section, it also 
presents the average monitored concentrations observed by Rule et al. (2006b) and Bowen et al. 
(2004) (industrial concentrations were not monitored). All of the pesticides were below the 
analytical LOD reflecting that their presence in wastewater is very low, or absent in the samples 
due to lack of use, or the phasing out or banning of the substance.  
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Table 17 Summary of Pesticide Sources, Pathways, and Concentrations (Bowen et al., 2004 & Rule et al., 2006b) 
Compound Source/Use Pathways (µg L
-1
) 
Domestic Commercial Industrial Runoff 
Alachlor Pesticide: Banned (Colarullo et al., 2006)  (0.002)*  (0.002)*  ( - )  (0.002)* 
Atrazine Herbicide (agricultural use only since 1992), Dyes, Explosives 
Banned in 2008 (Colarullo et al., 2006) 
 (0.005)*  (0.005)*  ( - )  (0.005)* 
Chlorfenvinphos Pesticide: Banned in 2008 (Colarullo et al., 2006)  (0.05)*  (0.05)*  ( - )  (0.05)* 
Chlorpyrifos  Pesticide 
Only used in agriculture (Colarullo et al., 2006) 
 (0.05)*  (0.05)*  ( - )  (0.05)* 
Diuron Domestic herbicide  (1.0)*  (1.0)*  ( - )  (1.0)* 
Endosulfan Insecticide 
Only used in agriculture (Colarullo et al., 2006) 
 (0.005)*  (0.005) *  ( - )  (0.005) * 
Isoproturon Herbicide 
Only used in agriculture (Colarullo et al., 2006) 
 (2.0)*  (2.0)*  ( - )  (2.0)* 
Pentachlorophenol Wood preservative, Insecticide, Herbicide, Biocide, Fungicide  (0.003)*  (0.003)*  ( - )  (0.003)* 
Simazine Herbicide: Banned in 2008 (Colarullo et al., 2006)  (0.005)*  (0.005)*  ( - )  (0.005)* 
Tributyltin (TBT) Antifouling biocide  
Antifoulant ban (Colarullo et al., 2006) 
 (0.01)*  (0.01)*  ( - )  (0.01)* 
Trifluralin Pesticide: Only used in agriculture (Colarullo et al., 2006)  (0.005)*  (0.005)*  ( - )  (0.005)* 
 = input from pathway is expected  = input from pathway not expected (corresponding values will be positive due to the analytical limit of detection). * Concentrations < LOD   
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2.9.2 Fate and Behaviour in Wastewater 
 Lester (2003) suggests that the majority of pesticides and herbicides are hydrophobic and 
their removal mechanism is predominantly adsorption to suspended solids in STWs during primary 
and secondary treatment processes. These compounds include the organophosphate group, 
endosulfan, PCP, TBT, and trifluralin and have Log Kow values ranging from 3.8 – 5.1 (Figure 6). 
TBT is one of the most highly persistent pesticides and during degradation can produce more toxic 
daughter compounds. For example TBT forms monobutyltin and dibutyltin during degradation 
(Bowen et al., 2004). These compounds tend to be unaffected by degradation and the main removal 
pathway is through sorption to suspended solids (Lester, 2003). TBT also has relatively low water 
solubility and a high adsorption coefficient and will therefore bind strongly to suspended material. 
The published removal rates for these pesticides are generally high reflecting the high adsorption 
potential (Table 18). 
 
 By contrast Lapertot and Pulgarin (2006) observed the unsuccessful removal of alachlor, 
atrazine, diuron, isoproturon, and simazine during wastewater treatment. These compounds all have 
low volatility, poor biodegradation and chemical degradation values, and only medium adsorption 
potentials (Figure 6). They all however, have high water solubility suggesting that these 
compounds remain in the aqueous phase of wastewater. The physicochemical properties of these 
compounds suggest that they will be recalcitrant and difficult to remove during secondary 
biological treatment, and the low removal rate results from literature demonstrate this recalcitrance 
(Table 18). For example Katsoyiannis & Samara (2004) observed a 55% removal of isoproturon 
and 20% removal of diuron from an activated sludge plant, illustrating their poor removal. 
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Figure 6 Physicochemical Properties of Pesticides (data collated from Boethling & Mackay, 2000, Howard et al., 2001, O’Neil et al., 2001, USEPA, 2008) 
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Table 18 Removal Rates of Pesticides from Primary, Trickling Filter, and Activated Sludge Processes 
References 
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Treatment Process % Compound       
Primary Sedimentation (%) 
Alachlor - - - - - - 
Atrazine  - - - - - 
Chlorfenvinphos - - - - - - 
Chlorpyrifos  - - - - - - 
Diuron - - - - - - 
Endosulfan - 33 - - - - 
Isoproturon - - - - - - 
Pentachlorophenol - - - - - - 
Simazine - - - - - - 
Tributyltin (TBT) - - - - - - 
Trifluralin - - - - - - 
Primary Sedimentation + Trickling Filters (%) 
Alachlor - - - - - - 
Atrazine 4 - - - - - 
Chlorfenvinphos - - - - - - 
Chlorpyrifos  - 90 - - - - 
Diuron - 20 - - - - 
Endosulfan - - - - - - 
Isoproturon - 55 - - - - 
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Pentachlorophenol - - - 76 - - 
Simazine - - - - - - 
Tributyltin (TBT) - - - - - 100 
Trifluralin 81 - - - - - 
Primary Sedimentation + Activated Sludge (%) 
Alachlor - - - - - - 
Atrazine - - - - - - 
Chlorfenvinphos - - - 100 - - 
Chlorpyrifos  - - 93 - - - 
Diuron - - 40 - - - 
Endosulfan - 95 - - - - 
Isoproturon - - 55 - - - 
Pentachlorophenol - - - - 84 - 
Simazine - - - 100 - - 
Tributyltin (TBT) - - - 100 - - 
Trifluralin - - - - - - 
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2.10 Conclusion 
 The WFD came into force in 2000 and requires all surface waters to achieve a „good status‟ 
of water quality. This is to be achieved by setting emission limit values or discharge consents 
relating to EQSs. Thus, to meet the requirements of the WFD, it is expected that discharge consent 
limits for STWs will become tighter. It is therefore important to study the sources and pathways of 
micropollutants to understand the concentrations in influent entering STWs. It is also important to 
study the fate and behaviour of micropollutants in wastewater in order to understand effluent 
concentrations and the contribution that STWs make to surface water pollution. This will provide 
the water industry, the EA, and environmental scientists with valuable information on the impact 
that STWs will have on the aquatic environment and enable appropriate discharge consent limits to 
be set by the WFD for individual STWs.  
 
 This review was the most comprehensive review undertaken in this field to date on 
micropollutant sources, pathways, and fate and behaviour in wastewater and it highlighted 
numerous gaps in understanding and monitoring data. The following findings and 
recommendations from the literature review are as follows: in collating information on sources and 
pathways it was apparent that all of the information was on pathway concentrations and almost no 
information looked at the individual concentrations from sources such as input from schools, or a 
household. Understanding source concentration information would be beneficial as a more detailed 
profile of site specific STW influent could be developed. In collating the various monitoring 
studies on pathway concentrations, it became clear that there were only three studies carried out in 
the UK at the point of research (Bowen et al., 2004 & Rule et al., 2006a, 2006b). Therefore it 
would be recommended that a cost effective nationwide sampling programme of both sources and 
pathways should be set up and carried out in order to better satisfy the requirements of the WFD. 
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 Understanding the physicochemical properties of individual micropollutants in wastewater, 
although helpful, will not accurately predict the behaviour of a micropollutant in site specific 
STWs as the interplay between many factors will create numerous outcomes. For example, a 
decrease in pH will affect the behaviour of microorganisms which in turn will affect their 
populations and their ability to metabolise micropollutants. 
 
 In reviewing the monitoring studies on the removal rates of micropollutants it was 
highlighted that there were inconsistencies between the analytical methods and fundamental 
difference in techniques leading to variation in results between the monitoring studies. Therefore it 
was difficult to make like for like comparisons between results. It would be recommended that a 
standardised analytical methodology should be developed and adopted in order to provide 
consistency between studies. 
 
 The literature review did provide information to suggest that there were certain classes of 
compounds that would pose more of a threat to the aquatic environment than others due to their 
ubiquitous use. These groups included heavy metals, PAHs, surfactants, and some industrial 
chemicals. In contrast, literature on pesticides suggested that there was little or no presence of these 
compounds in wastewater influent. This was also the case for flame retardants as the majority of 
the compounds are being phased out of use in the UK, however, PeBDE is still considered to be a 
potential problem due to its remaining presence in household upholstery.  
 
 The fate and behaviour of micropollutants was determined by their physicochemical 
properties. The literature indicated that the majority of the organic compounds are hydrophobic and 
as a result have a high propensity for adsorption onto suspended solids. Biodegradation was only 
thought to play a role during secondary treatment but was only thought to be significant for 
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surfactants. A number of micropollutants displayed moderate capacity for volatilisation, but due to 
the high adsorption potential the importance of volatilisation was reduced. It was only considered 
an important removal mechanism for some industrial chemicals and pesticides. Abiotic or chemical 
degradation was not seen as an important pathway for any of the micropollutants. Heavy metals are 
not governed by the same mechanisms as organic micropollutants, and the literature suggested that 
their primary mode of removal was also via adsorption to suspended solids for insoluble metals, 
and organic complexation for insoluble metals. 
 
 In general, relatively high removal rates were observed for organic compounds due to their 
adsorption capacity, with the exception of a number of pesticides which proved to be recalcitrant in 
wastewater due to their high molecular weight, low solubility and stable structure. Removal rates of 
heavy metals from wastewater treatment processes were not generally as high as organic 
micropollutants and the results were much more varied between studies. The poorer removal rates 
were observed for those metals that are more soluble in wastewater such as nickel and rely on 
accumulation by bacterial cells and binding to extracellular polymers for removal which is a niche 
removal process that encounters competition from organic compounds (Lester, 1987). 
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3.1 Aim & Objectives 
 The overall aim of this research was to develop a model for estimating the level of 
micropollutant and emerging contaminant contributions in influent and effluent at site specific 
STWs. The new methodology developed will be used to develop a risk based approach to facilitate 
management decisions in order to understand and satisfy projected targets set out by the Water 
Framework Directive. In order to satisfy the aim of this study several main objectives must be 
achieved. 
 
Objective 1: To assess sources, pathways, fate, and behaviour of micropollutants in sewage treatment works 
from the literature (Chapter 2). 
 
Objective 2: To estimate influent concentrations and loads of micropollutants in sewage treatment works 
(Chapter 4). 
 
Objective 3: To estimate effluent concentrations and loads of micropollutants in sewage treatment works 
(Chapter 5). 
 
Objective 4: To review steroid estrogens as a group of emerging contaminants anticipated to be included in 
the WFD; to estimate influent and effluent concentrations and loads in sewage treatment works; and analyse 
the effectiveness of an advanced tertiary treatment to remove the select group of emerging contaminants from 
wastewater (Chapter 6). 
 
Objective 5: To assess if micropollutant and emerging contaminant concentrations from sewage treatment 
work effluents will be able to comply with projected discharge consents set by the WFD; to assess 
management options and develop decision making tools to help achieve legislative requirements; and to 
finally assess the barriers for achieving the WFD targets (Chapter 7). 
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4.1 Introduction 
 Scientific and public awareness of the impacts that micropollutants have on aquatic 
resources has increased in recent decades and as a result has become a significant driver for 
reducing levels of contaminants in the environment. It has also been widely reported that STWs are 
a major source of micropollutants for receiving aquatic environments (Bergqvist et al., 2006). As a 
result of this STWs are increasingly becoming a target for regulatory and public pressure with 
regard to their discharges to the aquatic environment (Fauser et al., 2003).  
 
 Within the UK the implementation of the WFD 2000/60/EC will target the control of 
emissions of micropollutants which have been defined using COMMPS by their physicochemical 
properties: toxicity, persistence, and strong tendency to bioaccumulate (EC, 2006). The costs 
associated with the implementation of this legislation have the potential to be significant. A study 
conducted by Ross et al. (2004) concluded that if the addition of end of pipe solutions are required 
as the main control measure for micropollutants, based on the quality standards being proposed, the 
cost for England and Wales alone could be in excess of £6 billion. With the potential costs so large, 
and in view of current discussions on additional indirect environmental impacts (energy usage and 
carbon emissions) of tertiary treatment options, such investment to improve effluent quality could 
be seen as inefficient or not cost beneficial through life-cycle analysis (Jones et al., 2007). 
Therefore a potential opportunity to reduce levels in the environment could be to control substances 
at source, through a better understanding of the linkages between different sources and pathways 
and levels of micropollutants at individual STWs (Bound and Voulvoulis, 2006a). Even in cases 
where such opportunities might not exist, data on influent levels should be of great use in the 
selection and optimisation of treatment processes to reduce levels in STWs‟ discharges.  
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 Source management and control has traditionally been conducted in accordance with 
monitoring programmes; however Comber et al. (2007) estimated that the costs of monitoring 
micropollutants under the WFD could be within the region of £1,000 per sample (for all 
compounds). Despite these estimated costs, a number of research studies have already been carried 
out to ascertain the origins of micropollutants in STW influent (Alcock et al., 1999, Comber and 
Gunn, 1996, Davis et al., 2001, Grey, 2005, Hewitt and Rashed, 1992, Karvelas et al., 2003, Legret 
and Pagotto, 1999, Lester, 1987, Paxéus, 1996, Rogers H, 1996, Sorme and Lagerkvist, 2002, 
Wilkie et al., 1996, Wade, 2002). They all demonstrate the complexity of linking micropollutant 
variation in sources and pathways to final levels in STW influents.  
 
 Within the UK only a handful of studies of this nature have been carried out; Bowen et 
al.,(2004) and Rule et al., (2006a, 2006b) monitored levels of micropollutants from specific source 
pathways (domestic, commercial, and rainfall runoff)  entering STWs. In the wider context of 
Europe, the lack of standardised monitoring techniques does not always allow for comparability of 
results between countries, nor are the results always totally reliable (Lepom et al., 2009). In many 
cases countries simply cannot afford to carry out expensive analytical methods. One solution has 
been to develop alternative methods to assess influent levels. For example obtaining chemical sales 
data is common practice for gaining approximate estimates of possible releases to wastewaters 
(Bound and Voulvoulis, 2006a, Hollender et al., 2008). But this process is often imprecise and 
consequently only undertaken in larger macro level catchment or country assessments, rather than 
at specific STWs.  
 
 Keller (2006, 2005) and Johnson et al. (2008) have also expressed the need for estimating 
micropollutants in light of legislative requirements for assessing their potential risk to the 
environment. However, the majority of existing models deal with stream and river concentrations 
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using values derived from the method Hollender et al. (2008) describes. Models such as the 
hydrodynamic Mike 11, the steady state QUAL2E, and the stochastic TOMCAT and GREAT-ER 
models focus mainly on macro predictions at a catchment level, and do not include the variation 
from individual STWs, mainly because of the lack of available monitoring data (Keller et al., 
2007). Similarly, the idea of modelling levels at individual STWs has largely not been attempted 
due to restricted access to STW data, and the limited understanding of micropollutant sources and 
pathways with regard to STWs influent concentrations.  
 
 This chapter aims to use all available data collated in Chapter 2 in order to develop a 
calculation for estimating micropollutant influent concentrations and loads for individual STWs. 
This chapter also aims to assess the relative importance of micropollutant pathways and specific 
sources for different micropollutants for individual STWs. Such information will then be discussed 
to demonstrate its potential to assist with options for reducing micropollutant concentrations in 
discharges, to identify compounds of concern, and to highlight the need for site specific data that 
could further improve the calculation. 
 
4.2 Methodology 
 The micropollutants studied in this chapter, as outlined in Chapter 2, include compounds 
from the PSD, Annex X under the WFD 2000/60/EEC. Additionally, LAS classed under the EC 
Working Document on Sludge (86/278/EEC), and tetrachloroethylene, and trichloroethylene, both 
under List 1 of the DSD (76/464/EEC). The systematic review of „open‟ and „grey‟ literature 
carried out in Chapter 2 was undertaken to help understand the sources, and pathway 
concentrations of compounds entering municipal sewage systems. In order to develop the 
calculation, data on 562 STWs was provided by a UK water company. The information provided 
for the site specific STWs was for flow, domestic populations, commercial populations, and run-off 
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volumes. This information was then used to establish the total influent concentration per 
micropollutant at each STW by developing a calculation that allowed: the sum flow of each 
pathway multiplied by its corresponding micropollutant concentration value (as derived from the 
review of the literature), divided by the average daily flow of the STWs (ADF)
9
. Industrial inputs 
were excluded from the calculation because data on individual industrial sites was not available 
from the water company. In addition, industrial inputs are already regulated for under the water 
company‟s own discharge consents, and therefore the influent concentrations should already be 
controlled. 
 
 The output of the literature review demonstrated that the monitored data from Rule et al. 
(2006a, 2006b) and Bowen et al. (2004) was the most appropriate for the calculation. This was 
mainly because these studies were representative of UK domestic and commercial practices, and 
were recently published. The micropollutant concentrations for each pathway were therefore based 
on the data provided by these studies. Each data point is an average of all three studies and have 
been summarised again in Table 19. 
 
                                                 
9
 Where ADF values were not available the average flow were calculated using 1.3 x dry weather flow. 
Methodology provided by the water company 
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Table 19 Mean Micropollutant Pathway Concentrations (Bowen et al., 2004, Rule et al., 2006a, 2006b) 
Chemical Group Micropollutant Wastewater Pathways and Concentrations μg/L 
  Domestic Commercial Runoff 
Heavy Metals Cadmium 0.5 0.8 0.5 
Lead 15.1 22.1 32.4 
Mercury 0.3 0.6 0.2 
Nickel 9.9 19.7 8.8 
Polycyclic Aromatic Hydrocarbons Anthracene* 0.05* 0.05* 0.05* 
Fluoranthene 0.2 2.1 0.05* 
Naphthalene 0.2 0.7 0.3 
Total PAHs 1.5 3.2 1.7 
Surfactants Linear alkylbenzene sulfonate (LAS) 10.2 3.8 1.0* 
Nonylphenol (NP) 8.2 18.2 4.3 
Octylphenol (OP) 1.0* 1.5 1.0* 
Flame Retardants C10-13-Chloroalkanes (C10-13 PCA) 0.5* 0.5* 0.5 * 
Pentabrominated diphenylether (PeBDE) 0.7 0.05* 0.05* 
Pentachlorobenzene (PeCB) 0.002* 0.002* 0.002* 
Industrial Chemicals Benzene 0.2* 0.6 0.2* 
1,2-Dichloroethane 0.1* 0.1* 0.1* 
Dichloromethane (DCM) 9.8 29.1 9.1 
Di(2-ethylhexyl)phthalate (DEHP) 66.2 35.9 29.9 
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Hexachlorobenzene (HCB) 0.003* 0.003* 0.003* 
Hexachlorobutadiene (HCBD) 0.003* 0.003* 0.003* 
Hexachlorocyclohexane (HCH), 0.003* 0.003* 0.003* 
Trichlorobenzene (TCB), 0.003* 0.003* 0.003* 
Trichloromethane 3.3 4.1 0.6 
Tetrachloroethylene 0.4* 15.5 0.4* 
Trichloroethylene (TCE) 0.4* 4.6 0.4* 
Pesticides Alachlor 0.002* 0.002* 0.002* 
Atrazine 0.005* 0.005* 0.005* 
Chlorfenvinphos 0.05* 0.05* 0.05* 
Chlorpyrifos  0.05* 0.05* 0.05* 
Diuron 1.0* 1.0* 1.0* 
Endosulfan 0.005* 0.005* 0.005* 
Isoproturon 2.0* 2.0* 2.0* 
Pentachlorophenol 0.003* 0.003* 0.003* 
Simazine 0.005* 0.005* 0.005* 
Tributyltin (TBT) 0.01* 0.01* 0.01* 
Trifluralin 0.005* 0.005* 0.005* 
*Values below LOD
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 Micropollutant concentrations from domestic and commercial pathways were achieved by 
multiplying the corresponding site-specific STW domestic or commercial „population equivalent‟. 
Population equivalents are based on the daily biological oxygen demand (BOD) load of STWs. The 
EA have set 60g of BOD per day per head of the population, therefore influent BOD concentration 
is multiplied by the average daily flow divided by 60 to obtain population equivalents for each 
STW (EA, 2006). The domestic population equivalent (DPE) was used to reflect the domestic 
population within the area served by a particular STW, and the commercial population equivalent 
(CPE) was used to reflect the commercial businesses populations served by a STW. These values 
were then multiplied by the micropollutant concentrations obtained by taking the average of the 
values provided by Rule et al. (2006a, 2006b) and Bowen et al. (2004), Table 19; and subsequently 
multiplied by the average flow (flow of water entering the STWs) per population equivalent per 
day (AFPE), i.e. the average flow per domestic person per day, and the average flow per 
commercial trade population per day.  
 
 Calculating the runoff was achieved by subtracting the dry weather flow (DWF) from the 
average daily flow (ADF) for each STW, i.e. the remainder value represents rainfall average 
additions to the system. Running the full calculation produces the final micropollutant load entering 
a STW in µg Day
-1
. To convert micropollutant loads into concentrations (µg L
-1
) the calculation 
can be divided by the ADF. Equation 1 shows this calculation in full and is a novel approach to 
estimating influent loads and concentrations. 
 
Equation 1 Calculation for Estimating Micropollutant Influent Concentration 
𝐼𝐶 =
𝐼𝐿
𝐴𝐷𝐹
  (1)
 
𝐼𝐿 =  𝐷𝑃𝐸 ∗ 𝐴𝐹𝑃𝐸 ∗ 𝐷𝑀𝐶 +  𝐶𝑃𝐸 ∗ 𝐴𝐹𝑃𝐸 ∗ 𝐶𝑀𝐶 +  𝑅 ∗ 𝐸  
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IC: STW influent concentration (of a micropollutant) – µg L
-1 
IL: STW influent load (of a micropollutant) – g Day
-1 
DPE: Domestic Population Equivalent (water company data)  
AFPE: Average flow per PE (DWF/ (DPE+TPE)) (water company data) – L Day-1 
DMC: Domestic Micropollutant Concentration (literature data) – µg L-1 
CPE: Commercial Population Equivalent (water company data)  
CMC: Commercial Micropollutant Concentration (literature data) - µg L
-1
 
E: Runoff flow (ADF-DWF) (water company data) – L Day-1 
R: Runoff compound concentration (literature data) - µg L
-1
 
ADF: Average Daily Flow (water company data) – L Day-1 
 
Alternative scenarios can be assessed by replacing the average daily flow (ADF) value 
with dry weather flow (DWF) to represent summer concentrations and flow to full treatment (FFT) 
to represent winter concentrations. 
 
4.2.1 Calculation Accuracy Assessment 
 To validate the methodology used for estimating micropollutant influent concentrations 
(Equation 1). The outputs of the calculation were compared to previously monitored influent 
concentrations (monitored data provided by a water company). However, only a small number of 
micropollutants had been monitored in STW influents. As a result, only four micropollutants could 
be assessed for accuracy: cadmium, lead, nickel, and Total PAHs. For these compounds, monitored 
data on influent concentrations were gathered over a one year period, and the mean was selected to 
represent the average concentration of the micropollutant at each STW influent. To assess how well 
estimated influent concentrations corroborated with monitored concentrations the calculated values 
were divided by the monitored values (Equation 2); results above one suggested that the calculated 
concentration overestimated the „actual‟ monitored concentration, and results below one had 
underestimated the „actual‟ monitored concentration. According to Johnson et al. (2008), estimated 
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values should be at least within a factor of 3 of the monitored values (as stated in GREAT-ER). 
The results of the accuracy analysis can be seen in Table 20. 
 
Equation 2 Calculation for Accuracy Factor  
𝐴𝐹 =
𝐼𝐶
𝐼𝑚
  (2)
 
IC: Estimated STW influent concentration (of a micropollutant) – µg L
-1 
Im: Monitored STW influent concentration (of a micropollutant) – µg L
-1 
AF: Accuracy Factor 
 
Table 20 Influent Accuracy Analysis 
Influent Accuracy Factor Cadmium Lead Nickel Total PAH 
<0.3 Underestimate 6% 3% 8% 0% 
0.3 to 3 Acceptable 89% 82% 77% 100% 
>3 Overestimate 6% 14% 15% 0% 
 
 The assessment demonstrated that cadmium, lead, nickel and total PAH influent 
estimations achieved between 77% and 100% of values within the accepted accuracy range of 3 
when evaluated against monitored concentrations. Nickel was the least accurate as estimated results 
showed the highest number of outliers. In general, the calculation displayed a propensity to 
overestimate micropollutant concentrations for lead and nickel (values >1), whereas cadmium 
showed an even distribution between overestimated and underestimated results. GREAT-ER's aim 
is to predict chemical concentrations with an accuracy factor 3 to 5 (Feijtel et al. 1997) and so these 
results appear to be acceptable as most values are within a factor of 3. It should be noted that this 
accuracy analysis is limited by the monitored data, the data inputted into Equation 1, and the lack 
of other monitored micropollutants, however it has demonstrated that the estimation of influent 
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concentrations and loads as demonstrated in Equation 1 shows good accuracy, and with more time 
and money in developing nationwide sampling programmes, gaining quantitative understanding of 
source pollution, and more reliable monitored studies for more micropollutants, the accuracy for 
Equation 1 could be improved further.  
 
4.3 Results 
 The results generated from the calculation for the 562 UK STWs have been displayed to 
illustrate average loads (g Day
-1
) of micropollutants originating from domestic and commercial 
pathways (Figure 7). The data were represented in load rather than concentration because the load 
corresponds to the volume (flow) of wastewater entering a STW which varies between works. By 
contrast the concentration is measured in litres (µg L
-1
) and the results between STWs will show 
little variation because the size of the works is not represented. The data was divided to indicate the 
variation in levels received by those STWs receiving domestic sources, and those receiving 
domestic and commercial sources. There were no STWs with only commercial inputs so this 
pathway was not represented independently. The micropollutants have been set out in their 
chemical classes in Figure 7, in order to allow easier comparison of compounds.   
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Figure 7 Mean Estimated Micropollutant Source Pathway Loads for all STWs 
 
Figure 7 demonstrates that the estimated mean load for all micropollutants (g Day
-1
) was 
higher for STWs that received both domestic and commercial influents. DEHP was found to be the 
highest micropollutant by influent load, it is a common plasticiser found predominantly in domestic 
pathways but is also found in commercial pathways and averaged 700 g Day
-1 
at STWs with 
domestic and commercial inputs. Lead inputs originate from domestic piping, cosmetics, and trade 
garages and averaged 280 g Day
-1
, whilst nickel originates from rubber piping, cleaning products, 
and electroplating products and averaged 150 g Day
-1
. The highest mean loads from STWs with 
solely domestic inputs were again from DEHP (22 g Day
-1
) and lead (7 g Day
-1
). LAS and 
nonylphenol, which are both surfactants found in domestic cleaning products, shampoos and 
laundry detergents, also showed noteworthy domestic inputs with an average input of 3 and 2 g 
Day
-1
 respectively (OSPAR, 2008, Thornton et al., 2001). DCM was also found in domestic 
pathways on average at 4 g Day
-1
, this compound is used for a number of domestic applications 
such as paints, PVC, polish and domestic cleaners (Thornton et al., 2001).  
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 The lowest loads from both domestic and commercial pathways were from PeCB (0.01 g 
Day
-1
), PCP (0.01 g Day
-1
), alachlor (0.01 g Day
-1
), endosulfan (0.02 g Day
-1
) and atrazine (0.02 g 
Day
-1
). PeCB used to be a component of domestic fungicides, but now it is only a product found in 
industrial applications such as paper, steel, and iron mills, and thus is not expected to be a 
significant input from domestic or commercial sources (Alcock et al., 1999). Atrazine, alachlor, 
and endosulfan are pesticides which have been banned under the European Union, and therefore 
levels are not expected to be significant, and the permissible content of PCP in wood preservatives 
has also been restricted, thereby reducing overall levels in the environment (DEFRA, 2008). 
Overall, the pesticide group was not expected to cause a particular problem for the UK STWs 
studied due to all but one of the pesticides being banned (diuron being the exception) and the low 
concentrations monitored (<LOD) in influent pathways in Rule et al‟s study (2006a). The 
exception to this would be from intermittent runoff events which may introduce pesticides via 
verge and railway applications, or atmospheric deposition from nearby agricultural land after 
application (DEFRA, 2008).  
 
 Table 21 presents the mean concentrations of micropollutants in influent and the mean 
minimum and maximum micropollutant loads both calculated from the average daily flow for all 
STWs. The range in micropollutant loads between STWs is dependent on the size of the flow of the 
individual STWs, which in turn is determined by the size of the domestic and commercial 
populations. In addition the micropollutants in red are those that were detected below the LOD 
during Rule et al‟s (2006a) and Bowen et al‟s. (2004) studies, and should be assessed with care as 
the results may indicate that the loads and concentrations of these micropollutants are 
overestimated. 
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 The results in Table 21 confirm the findings in Figure 7 and suggest that the largest 
maximum loads and the highest standard deviation was associated with DEHP (15,312 g Day
-1
), 
lead (5,466 g Day
-1
), DCM (3,158 g Day
-1
), nickel (2,932 g Day
-1
), nonylphenol (2,282 g Day
-1
), 
and LAS (2,074 g Day
-1
). As discussed in Chapter 2 these micropollutants are ubiquitous in 
domestic, commercial, and runoff pathways. The micropollutants that exhibited moderate loads and 
variation between STWs (excluding those compounds < LOD, in red), were TCE, chloroform, 
trichloroethylene and total PAH (maximum loads of 476 – 960 g Day-1). The first three 
micropollutants are industrial chemicals and are ubiquitous in domestic and commercial cleaners 
and bleaches (Thornton et al., 2001), whilst Total PAHs are formed by the incomplete combustion 
of fossil fuels and predominantly found in car washing products, petroleum-based degreasers, and 
wood preservatives such as Creosote (Paxéus, 1996).  
 
 The remaining micropollutants were (excluding those compounds < LOD, in red): 
tetrachloroethlyene, cadmium, PeBDE, fluoranthene, mercury, naphthalene, benzene, and 1, 2-
dichloroethane, and all exhibited relatively low average loads (maximum loads of 27.8 – 318.3 g 
Day
-1
). However, it is important to note that not all micropollutants have the same toxicity levels, 
and the compounds with the lowest loads may still be toxic to the aquatic environment. 
 
 Assessing the micropollutants that were detected below the LOD is difficult as the actual 
loads/concentrations cannot be evaluated. Diuron and isoproturon were detected in relatively high 
influent loads; however, these high loads can be attributed to the high analytical LOD (1 & 2 µg L
-1
 
respectively), however, caution must be taken as high LOD may mask concentrations of 
micropollutants that could be damaging to the aquatic environment. The chemical class that is most 
dominant in this category is the pesticide group, such a result is unsurprising given the limited 
number of likely routes of entry for pesticides into urban water systems (mainly through runoff), 
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and as discussed above the use of many of these pesticides are now banned; hence their presence 
would no longer be expected. Low levels of pesticides were also observed in Gesperi et al‟s. (2008) 
study on priority pollutants in STW influents. In general, it can be concluded that micropollutants < 
LOD would not be cause for concern in STW influent. 
 
 The results from Table 21 indicate the micropollutants that occur in the highest loads in 
STW influent and the percentage of STWs above the mean (g Day
-1
) which illustrates those STWs 
that will be most vulnerable to receiving high micropollutant loads. The results suggest that on 
average 13% of all STWs were above the mean load for all micropollutants, thus indicating that the 
majority of STWs (87%) were at or below the mean load. The small percentage of STWs that were 
above the mean were made up of STWs with a population equivalent of >50,000, suggesting that 
large STWs experience higher loads of micropollutants. This is because larger STWs serve a larger 
community and associated commercial and will therefore have greater flow resulting in larger loads 
of micropollutants. 
 
 The mean concentrations of micropollutants have also been presented in Table 21 in order 
to compare the influent concentrations with previous studies (because published literature was not 
found for micropollutants measured in loads). In general, it is difficult to compare published 
literature with estimated concentrations of micropollutants because concentrations are particular to 
specific STWs according to their sources, and they are also particular to specific regions and 
countries due to variations in domestic and commercial practices. This comparison can therefore 
only be used as a guideline to indicate whether the concentrations estimated are within similar 
ranges to those observed during monitoring programmes. Overall, the mean concentrations 
compared were in good agreement with previous studies. For example the mean lead 
concentrations (19 µg L
-1
) were found to be similar to those studied by Gasperi et al. (2008) (mean 
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17 µg L
-1
) in their monitoring study in Paris. Nickel concentrations (10 µg L
-1
) also showed a good 
comparison with monitored concentrations (10 - 19 µg L
-1
), whilst DEHP (57 µg L
-1
) was found to 
be in the upper range (16 – 57 µg L-1) observed by Gasperi et al. (2008). LAS (8 µg L-1) influent 
concentrations were found to be significantly below those observed in previous studies (400 – 3500 
µg L
-1
), whereas NP was observed to be at the higher end of the range (5 – 7.5 µg L-1) when 
compared to the UK study carried out by Butwell et al. (2008). This observation could be explained 
by the phasing out of NP from common use and the increase in use of LAS (Fauser et al., 2003). 
Finally, Total PAHs (1.6 µg L
-1
) and DCM (10 µg L
-1
) were within the ranges studied by 
Makepeace et al. (1995) (0.24 – 13 µg L-1), and (5 – 15 µg L-1). 
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Table 21 Mean, Maximum, and Minimum Influent Levels of Micropollutants for all STWs 
Chemical Group Micropollutant µg L
-1 g Day-1 
  
Mean Mean St Dev Max Min 
% of STWs above 
the mean 
Heavy Metals 
Cadmium 0.5  1.9  9.8  145.9   0.0  13 
Lead 19.2  68.9   362.3  5,466.1   0.01  13 
Mercury 0.2  1.0   5.2   72.4   0.0  12 
Nickel 9.9  38.1  203.8   2,932.2   0.0  13 
Polycyclic Aromatic Hydrocarbons 
Anthracene 0.1  0.2  0.9  13.9   0.0  13 
Fluoranthene 0.2  1.5  9.4   139.3   0.0  9 
Naphthalene 0.2  1.0  5.3  68.2   0.0  12 
Total PAHs 1.6  6.2   33.5   475.6   0.0  13 
Surfactants 
LAS 7.9  24.4  125.1   2,074.4   0.0  14 
Nonylphenol (NP) 7.5  30.2  162.5   2,281.6   0.0  12 
Octylphenol (OP) 1.0  3.7   19.4   290.1  0.0  13 
Flame Retardants 
C10-13 PCA 0.1  0.2   0.9   13.9   0.0  13 
PeBDE 0.5  1.5  7.8   132.8   0.0  14 
Pentachlorobenzene (PeCB) 0.002  0.01   0.04   0.6   0.0  13 
Industrial Chemicals 
Benzene 0.2  0.9   4.9   65.5   0.0  12 
1,2-Dichloroethane 0.1  0.3   1.8   27.8   0.0  13 
Dichloromethane (DCM) 10.0  42.8   234.3   3,157.7   0.0  12 
Di(2-ethylhexyl)phthalate (DEHP) 57.2  183.4  944.7  15,312.1   0.03  14 
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Hexachlorobenzene (HCB) 0.002  0.01   0.04   0.7  0.0  13 
Hexachlorobutadiene (HCBD) 0.002  0.01   0.04   0.7  0.0   13 
Hexachlorocyclohexane (HCH) 0.002  0.01   0.04   0.7   0.0  13 
Trichlorobenzene (TCB), 0.002  0.01   0.04   0.7   0.0  13 
Trichloromethane/ Chloroform 2.7  9.6  50.4   763.7   0.0  13 
Tetrachloroethylene 0.5  3.5   21.8   318.3   0.0  9 
Trichloroethylene (TCE) 0.7  9.0   61.1   959.6   0.0  8 
Pesticides 
Alachlor 0.002  0.01   0.04   0.6  0.0  13 
Atrazine 0.01  0.02   0.09   1.4  0.0  13 
Chlorfenvinphos 0.1  0.2   0.9   13.9   0.0  13 
Chlorpyrifos  0.1  0.2   0.9   13.9   0.0  13 
Diuron 1.0  3.4   17.9   277.7   0.0  13 
Endosulfan 0.01  0.02   0.09   1.4   0.0  13 
Isoproturon 2.0  6.9   35.8   555.4   0.0  13 
Pentachlorophenol 0.002  0.01   0.04   0.6   0.0  13 
Simazine 0.01  0.02   0.09   1.4   0.0  13 
Tributyltin (TBT) 0.01  0.03   0.2   2.8   0.0  13 
Trifluralin 0.01  0.02   0.09   1.4   0.0  13 
Values in red indicate those micropollutants found below the LOD during source pathway sampling
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 Rainfall events can also play an important role in affecting influent micropollutant loads 
(Figure 8). For ease of analysis it was assumed that all STWs had combined sewer overflows 
(CSOs
10
). In general, urban runoff tends to originate from five main categories: transportation (i.e. 
roads and vehicles), roofing materials, construction activities, vegetation, and soil (Thornton, 
2002). There can be many variables within a given source, e.g. runoff from roads and associated 
traffic emissions may contain vehicle lubricants, exhaust emissions, degradation from tyres and 
brake-linings, road maintenance and surface degradation, accidental spillages, and road salting in 
winter (Ross, 2002). The extent of urban runoff is dependent on levels of contaminants deposited 
on urban surfaces through wet and dry deposition, the length of the preceding dry spell, and the 
characteristics and size of the urban catchment (Thornton, 2002).  
 
 In Figure 8, the variation between mean micropollutant concentrations according to rain 
events is displayed. Dry weather flow (DWF) represents flow into STWs when there is no rainfall 
(which could denote summer conditions), and produces an influent with consistently lower 
concentrations of pollutants compared with ADF levels. ADF represents an average level of rainfall 
into the system and could represent any short rainfall event throughout the year. There is a 
recognisable trend of „first flushing‟ of all pollutants during a rain event where levels of pollutants 
entering STWs are highest at the beginning of the event. The degree of „first flush‟ effects depends 
on both the length of time since the preceding storm event and the degree of contaminant loading 
on surfaces through wet and dry deposition (Hewitt and Rashed, 1992). 
                                                 
10
 CSOs are overflows from sewers that are designed to collect rainwater runoff 
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Figure 8 Mean Estimated Influent Concentrations of Runoff for all STWs 
 
 The largest mean increase in micropollutant concentration from DWF to ADF rainfall was 
linked to lead (15 to 20 µg L
-1
), owing to its association with vehicle emissions and roofing 
materials (Comber and Gunn, 1994). DEHP a ubiquitous plasticiser in domestic and commercial 
pathways but found in lower concentrations in runoff demonstrated the largest mean decrease in 
concentration from DWF to ADF from 67 to 56 µg L
-1
. 
 
LAS, a common surfactant in domestic and 
commercial sources but not commonly found in runoff according to Bowen et al. (2004) was also 
found to decrease in concentration from DWF to ADF from 10 to 8 µg L
-1
. The flame retardant 
PeBDE, was similarly found to decrease in concentrations from DWF to ADF as it is not expected 
to be associated with runoff (Alcock et al., 1999).  
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 The remaining micropollutants showed little change in concentration from DWF to ADF as 
inputs from runoff were not significant due to the nature of their use, with the exception of 
particulate fallout from manufacturing (Davies, 1982). However, it would be expected that 
pesticide concentrations would increase during rainfall events because of their association with this 
pathway; but because the concentrations were all below the LOD it can be assumed that this 
chemical class would not be of significant concern from this pathway. 
 
 Flow to full treatment (FFT) represents the highest volume of flow treated by a STW, with 
any excess flow passing to storage or an over flow pipe; this flow could be used to represent flow 
during the winter months. The FFT values in Figure 8 show that all micropollutants were at their 
lowest mean concentrations during this flow. This result was not unexpected as heavy rainfall often 
acts to reduce the strength of influent concentration through dilution. Assessing the effects of 
rainfall on STW influent has produced results that suggest that with short rainfall incidences 
(reflected in ADF) will only affect micropollutants that are dominant in this pathways such as lead 
and overall concentrations will increase due to „first flushing‟ events, whereas continuous high 
levels of rainfall will result in a dilution effect on all micropollutant concentrations. 
 
 Figure 9 illustrates the mean percentage inputs from each chemical group in the STW 
influent load using ADF values. It can be seen that industrial chemicals were the dominant input to 
STWs comprising of 57% of the total micropollutant input. The main micropollutants from this 
class were DEHP and DCM. The heavy metal class were the second highest contribution with 25%, 
and was made up of mainly lead and nickel inputs. The third most dominant class were surfactants 
with 13% of the total micropollutant input, and was made up predominantly of LAS and 
nonylphenol. Pesticides, PAHs, and flame retardants consisted of relatively small percentage inputs 
compared to the other three classes making up a total of 5%.  
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 In summary, out of all the micropollutants assessed, the three most dominant classes were 
industrial chemicals, heavy metals, and surfactants. The highest micropollutant loads from these 
three categories were found to be DEHP, DCM, lead, nickel, LAS, and nonylphenol, and it is these 
micropollutants that are most likely to cause potential problems to individual STWs in the UK due 
to their dominance in influent flows. 
 
Figure 9 Mean Percentage Loads of Chemical Groups Entering STWs 
 
4.4 Discussion 
 This chapter developed a novel methodology resulting in a unique calculation that 
estimates micropollutant influent concentrations and loads to site specific STWs. The rationale 
behind this was that there is an increasing pressure on European Member States to address 
micropollutants in wastewater starting from the first cycle of investment for the WFD which is to 
be completed by 2015, and will run parallel to the UK water industry‟s Asset Management Plans 
(AMPs). European countries will be required to put measures in place to manage stricter STW 
discharges to comply with the new EQSs set out under the WFD, in order to reduce concentrations 
of pollutants in receiving environments and improve ecological status. However, this task will 
prove to be difficult without having even a basic understanding of micropollutant sources, 
pathways and loads. Therefore this chapter provides an important step forward to begin to 
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understand and expose potential micropollutants that will be of particular concern under this 
legislation. 
 
4.4.1 Limitations of Calculation 
 The most significant limiting factor for the development of the influent calculation was 
data availability. Finding previous studies on actual micropollutant levels associated with specific 
pathways yielded a paucity of information and the final data that were employed by the calculation 
were limited to three UK studies (Bowen et al., 2004, Rule et al., 2006a, 2006b). The assumptions 
made by employing these data suggest that micropollutant concentrations associated with a 
pathway will be the same for each STW, and the variation between STWs will only be a result in 
variation flow (resulting from variation in population and commercial equivalents). This is 
obviously not the case as within each domestic population there will be variations in micropollutant 
levels due to the use of different products, the age of household appliances and pipes, and the 
varied behaviour of individuals‟ ablution regimes, which all give rise to a host of compound inputs 
and an almost infinite level of variability. The effect of variability between households will 
however be balanced by averaging across catchments.  
 
 This variation is even more pronounced when assessing commercial inputs, and using a 
fixed value cannot satisfactorily represent the diversity of commercial trade from one area to 
another. For example, the number of schools, hospitals, and garages varies markedly between 
areas. This limitation was not however solely associated with the lack of quantifiable data on 
commercial inputs. It was also related to the water company‟s lack of information on commercial 
activities feeding to individual STWs. Having access to such a database for STWs would be 
invaluable as it would offer an opportunity to profile the commercial input with much more 
accuracy. The assumption made on commercial inputs was possibly the most significant 
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assumption within the calculation, but without research into micropollutant levels associated with 
individual commercial practices and data on the number and prevalence of each commercial 
practice associated with individual STWs it was the most appropriate method with the data 
available.  
 
 Equally, a similar limitation can be expressed for rainfall runoff as not all roads are used 
with the same frequency, and pesticide application to verges and banks will vary from area to area. 
In addition some areas might be densely populated and contaminants from roofing materials would 
be prevalent, whilst in other more industrial areas atmospheric deposition from industrial emissions 
(such as Total PAHs) would be dominant. This again, is a difficult limitation to reduce without 
extensive research into STW catchments which would be time consuming and costly. 
 
 The accuracy assessment process also highlighted the paucity of existing monitoring data 
for the majority of organic micropollutants within the water company. If this lack of data is 
representative of the water industry as a whole in the UK and across Europe it goes to confirm the 
necessity for developing an influent calculation to support and provide water companies with 
micropollutant estimates. 
 
4.4.2 Applications of Calculation and Management Options 
 Despite the limitations that faced developing the calculation which reduced the sensitivity 
towards variations and diversity in domestic and commercial actives, and intensity of road use, 
estimating micropollutant concentrations and loads in influent is very important as the results 
provide a good indication of which micropollutants enter STW influent in significant loads and the 
number of STWs that receive high loads of micropollutants. The information provided by the 
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calculation will be a useful management aid to help prioritise the measures for AMPs and for the 
WFD. For example, the results from the analysis on the STWs assessed demonstrated that DEHP, 
DCM, lead, nickel, LAS, and nonylphenol, were high load micropollutants that may result in 
compliance difficulties if not adequately treated by STW processes, whilst the remainder of the 
compounds might not require any significant management due to their comparatively low influent 
loads, but without understanding toxicity it is unwise to make such a claim. It is also important to 
note that a number of micropollutants were analysed below the LOD. It is important to improve 
analytical techniques for some of the compounds where the LOD is relatively high, (for example 
the LOD ranged between 0.003 ug L
-1
 to 2 ug L
-1 
for pesticides) as it can result in potentially 
environmentally damaging concentrations of some micropollutants going undetected, therefore it is 
important to carry out the precautionary principle and apply a value at the top end of the LOD. 
 
 The calculation can also provide information on the type (treatment process) and number 
of individual STWs exposed to high loads of micropollutants, however, this has not been discussed 
in this chapter as it is fully explored in the risk assessment carried out in Chapter 7. Nonetheless it 
is important to highlight that understanding the number and type of STWs exposed to high loads of 
micropollutants will provide valuable information for management strategies focused on achieving 
the new legislative requirements under the WFD. 
 
 There are a number of management options available for water companies to address high 
load micropollutants in STW influents. The first option is source management, and although not 
appropriate for all micropollutants due to the nature of use, assessing sources and pathways will 
inform whether the micropollutant is or is not ubiquitous and therefore suitable for source control. 
This information will inform and support decision making strategies for source options which 
could include; substance bans, taxation (which effectively already exists for industrial inputs), 
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substance collection services, compound substitution and/or research into alternative product 
design. Micropollutants that are most relevant to source control management are industrial 
chemicals, because a number of them have already been incorporated into REACH, a new 
European Community regulation on chemicals and their safe use which entered into force in 2007 
(EC 1907/2006). It deals with the Registration, Evaluation, Authorisation and Restriction of 
Chemical substances. The Regulation calls for, amongst other things, the progressive substitution 
of the most dangerous chemicals when suitable alternatives have been identified (EUROPA, 2009).  
 
 Consumer awareness of harmful chemical ingredients in household products should also be 
considered as a source management option to encourage the reduction or product replacement of 
environmentally damaging products. However, source control is not appropriate for all compounds 
for example diuron, the only pesticide thought to be of potential concern in the literature review 
(LOD above EQS so results were inconclusive) is the only pesticide with non-agricultural uses, 
(i.e. a weed killer used for maintaining public areas) and replacement costs have been estimated at 
£1.4 million (Comber et al., 2007).  
 
 An alternative to source control would be either optimising existing secondary treatment 
works or end-of-pipe tertiary treatment options at STWs. However, these management options 
cannot be evaluated without fully assessing the efficacy of individual STWs to remove 
micropollutants. Chapters 5 and 7 will present results on estimated effluent concentrations and 
loads of micropollutants and a full risk assessment for individual STWs by determining the fate and 
behaviour of micropollutants during secondary conventional wastewater treatment processes.  
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4.5 Conclusion 
 This chapter developed a novel methodology resulting in a unique calculation that 
estimates micropollutant influent concentrations and loads to site specific STWs. The purpose of 
this was to identifying micropollutants with high influent loads that could make complying with 
tighter regulations under the WFD difficult, and identify potential opportunities for source 
management.  
 
 The methodology developed experienced a number of limitations and further 
improvements could be made with the availability of more site-specific data (i.e. STW data for 
commercial inputs). However, the validation of the calculation provided an acceptable level of 
accuracy (77 – 100%), and where influent concentrations could be assessed against monitoring 
values, the majority of micropollutants were within the monitored range. Therefore, this work 
could form a strong basis for understanding STW influent composition and could assist in 
improving operations and aid pollution prevention.  
 
 This does not mean, however, that the calculation is an alternative to monitoring; on the 
contrary it heavily relies on it. Its use can be complementary, as a way of prioritising monitoring 
needs for detailed source assessment for specific micropollutants and specific STWs, whilst 
assisting with treatment selection and optimisation, as a way of improving STW effluent quality. 
 
 Finally, understanding the type and quantity of micropollutants in influent will help the 
water industry to manage STWs in order to achieve regulatory targets, whilst providing valuable 
information for wider catchment models such as GREAT-ER and TOMCAT by producing more 
accurate data on STWs. 
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5.1 Introduction 
 Contamination of the freshwater aquatic environment by micropollutants originating from 
municipal wastewater treatment plants is of increasing concern for members of the public who rely 
on this resource for drinking water and recreation, for environmentalists concerned about 
protecting our environment, and for Governments who are required to control emissions and meet 
ecological and water quality targets through European environmental law (Johnson et al., 2008). 
Traditionally, monitoring site specific STW discharges into surface waters would have been the 
primary tool for which micropollutant emissions would have been assessed, however this is both 
time consuming and expensive (Coquery et al., 2005). However, in recent years approaches have 
been made towards estimating concentrations of contaminants in surface waters in an attempt to 
increase understanding without incurring extensive monitoring costs. Undoubtedly, only 
monitoring can provide definitive results on concentrations of contaminants, but guidance from 
estimating concentrations can focus monitoring programmes to increase the chances of detecting 
the micropollutant. A number of models have been previously developed to provide such 
information by using micropollutant physicochemical properties, STW process design, and 
operating conditions (Byrns, 2001 Katsoyiannis et al., 2006, Warren et al., 2007). Such models 
include: 
 
I. FATE (FATE and treatability estimator): developed by the US Environment Protection 
Agency and used to estimate removal efficiencies during wastewater treatment for a 
number of organic and inorganic chemicals in activated sludge plants (USEPA, 1982a, 
1982b). The model predicts the percentage removal of organic substances by quantifying 
the relative contribution from removal mechanisms exerted during various processes using 
hydraulic and sludge retention times, airflow in biological tanks, and sludge concentrations 
amongst others. Adsorption, volatilisation, and biodegradation are the major mechanisms 
considered in this model.  
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II. SimpleTreat: developed by the Netherlands National Institute of Public Health and 
Environmental Protection, and is a spreadsheet based model to predict the fate of organic 
chemicals in sewage treatment plants (Mikkelsen et al., 1996). 
III. WW-TREAT: developed by Proctor and Gamble and the European Technical Centre for 
predicting the fate of consumer chemicals in activated sludge systems (Cowan et al., 1993). 
 
 The mass balance
11
 approach adopted in fate and behaviour models has been covered 
widely in the literature (Fauser et al., 2003, Jacobsen et al., 1996, Melcer et al., 1994, Mikkelsen et 
al., 1996). However these three models require detailed data for each STW studied such as 
hydraulic retention times, sludge loading rates, pH, and mode of aeration, which is not always 
possible to obtain when assessing large numbers of works (Artola-Garicano et al., 2003).  By 
contrast, if readily available data on the operational efficiency of STWs associated with routinely 
monitored water quality parameters; biological oxygen demand (BOD) and total suspended solids 
(TSS) (Metcalf and Eddy, 2004) were used as an alternative to estimate micropollutant 
concentrations and loads in effluents, it would enable large scale site specific STW analysis to be 
carried out quickly and efficiently. 
 
 This chapter aimed to develop a calculation to estimate micropollutant effluent levels using 
publically available data on removal rates from municipal STWs as discussed in Chapter 2, STW 
operational data on BOD and TSS provided by the water company, and calculated influent 
concentrations estimated in Chapter 4. The results aimed to demonstrate the application of the 
calculation to assist with identifying STWs with potentially high effluent loads, highlight those 
micropollutants that could be of concern to the environment, evaluate STW treatment process 
removal rates, and discuss potential management options for the water industry. 
                                                 
11
 Mass balance is based on the physical principle that matter can neither be created nor destroyed. Therefore, 
the mass of inputs to a STW balances the mass of outputs of a STW. 
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5.2 Methodology 
 The micropollutants assessed in this chapter again focused on those underlined by the PDS, 
Annex X under the WFD 2000/60/EEC, with the addition of LAS classed under the EC Working 
Document on Sludge (86/278/EEC), and trichloroethylene and tetrachloroethylene, both under List 
1 of the DSD (76/464/EEC).  
 
 The systematic review of „open‟ and „grey‟ literature carried out in Chapter 2 was used to 
help understand the fate, behaviour, and removal rates of micropollutants during primary and 
secondary wastewater treatrment. The literature removal rates were separated into the three 
treatment processes: primary sedimentation, secondary biological trickling filters, and secondary 
biological activated sludge, and the median value taken for each process on each micropollutant. 
This was done to reduce outlier values which would have skewed mean values. In the absence of 
published removal rate data removal values were estimated as follows: organic micropollutants 
were given a value of 50% removal for primary processes, 80% removal for trickling filters, and 
90% removal for activated sludge. These estimations were taken from studying the removal rates in 
the literature review for organic micropollutants. The median removal rate percentages have been 
summarised below in  Table 22, and values in bold represent estimated removal rates. 
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Table 22 Median Percentage Removal Rates for Micropollutants from Primary, Trickling Filter, and Activated Sludge Processes 
Chemical Group Micropollutant Median Percentage Removal Rates (%) 
 
 Primary Sedimentation Secondary Trickling Filter 
Secondary Activated 
Sludge 
Heavy Metals 
Cadmium 42 20 77 
Lead 60 43 80 
Mercury 55 56 73 
Nickel 23 47 42 
Polycyclic Aromatic Hydrocarbons 
Anthracene* 42 80 97 
Fluoranthene 50 80 90 
Naphthalene 11 92 90 
Total PAHs 62 80 97 
Surfactants 
Linear alkylbenzene sulfonate (LAS) 50 80 96 
Nonylphenol (NP) 50 92 91 
Octylphenol (OP) 50 80 87 
Flame Retardants 
C10-13-Chloroalkanes (C10-13 PCA) 50 80 93 
Pentabrominated diphenylether (PeBDE) 50 80 98 
Pentachlorobenzene (PeCB) 50 80 90 
Industrial Chemicals 
Benzene 5 98 100 
1,2-Dichloroethane 50 100 100 
Dichloromethane (DCM) 4 90 95 
Di(2-ethylhexyl)phthalate (DEHP) 50 82 97 
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Hexachlorobenzene (HCB) 55 74 94 
Hexachlorobutadiene (HCBD) 50 83 100 
Hexachlorocyclohexane (HCH) 15 27 72 
Trichlorobenzene (TCB), 50 88 100 
Trichloromethane 50 99 91 
Tetrachloroethylene 50 70 70 
Trichloroethylene (TCE) 50 70 70 
Pesticides 
Alachlor 50 80 90 
Atrazine 50 4 90 
Chlorfenvinphos 50 80 91 
Chlorpyrifos  50 90 93 
Diuron 50 20 40 
Endosulfan 33 80 98 
Isoproturon 50 55 55 
Pentachlorophenol 50 76 84 
Simazine 50 80 100 
Tributyltin (TBT) 50 100 100 
Trifluralin 50 81 90 
Chapter 5: Estimating Effluent Concentrations of 
Micropollutants in Wastewater  
109 
 
 The median removal rates established for each micropollutant indicated that there were no 
monitored data for a number of the compounds. However, where data were available the majority 
of values were in good agreement with the physicochemical data discussed in Chapter 2. In large 
the organic compounds showed good removal, with the exception of HCH, benzene, atrazine, and 
DCM, which all demonstrated very low removal during primary sedimentation. These compounds 
were not expected to show such poor removal, however their removal during primary 
sedimentation is expected to be low due to their high water solubility and low adsorption potential. 
HCH has a higher adsorption potential and lower water solubility, but perhaps due to its high 
molecular weight it requires a longer hydraulic retention time to be removed. There was only one 
value available for atrazine in literature which indicated that only 4% was removed during the 
trickling filter process, this was an unexpectedly low removal rate, however the physicochemical 
properties do suggest that because of its high molecular weight, solubility in water, and low 
adsorption potential it is likely to persist in STWs. The inorganic heavy metals showed poorer 
removal rates than the organic compounds with nickel showing the lowest removal rates. This was 
expected due to the increased solubility of the compound and the removal mechanisms available to 
soluble metals during secondary treatment require a more specific environment to facilitate 
adsorption to suspended solids and microorganisms flocs to occur (e.g. hydraulic loading and size 
of suspended solid particles).  
 
 The median literature removal rates for each micropollutant were used to provide a 
percentage removal rate for the three STW process types. In order to establish site specific STW 
removal rates, the operational efficiency of each works was established using data on pre-existing 
water quality parameters, BOD and TSS (provided by the water company for each 562 STWs). 
These water quality parameters were selected because they represent both the level of 
biodegradable organic matter in wastewater (BOD), and the level of suspended matter in 
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wastewater (TSS). One year‟s worth of BOD and TSS data for each of the 562 STWs was used to 
calculate the median operational efficiency of each works.  
 
 To calculate the site specific STW removal rate for each micropollutant, the overall 
operational efficiency for each treatment process needed to be established. The operational 
efficiency was calculated as the removal rate of both BOD and TSS. This was done through the 
summation of the differences between the BOD/TSS influent and BOD/TSS effluent divided by the 
BOD/TSS influent for all STWs, by treatment process. This can be seen in Equations 3 and 4. It 
should be noted that the operational efficiency was calculated in this way to avoid any outliers 
having any significant effect on the average. 
 
Equations 3 and 4 Mean removal rates of TSS and BOD of all STWs 
𝑇𝑆𝑆𝑅𝑅𝑡 =
 𝑇𝑆𝑆𝐼𝑖𝑡
𝑛 𝑡
𝑖=1 − 𝑇𝑆𝑆𝐸𝑖𝑡
 𝑇𝑆𝑆𝐼𝑖𝑡
𝑛 𝑡
𝑖=1
     3         ,        𝐵𝑂𝐷𝑅𝑅𝑡 =
 𝐵𝑂𝐷𝐼 𝑖𝑡
𝑛 𝑡
𝑖=1 − 𝐵𝑂𝐷𝐸𝑖𝑡
 𝐵𝑂𝐷𝐼𝑖𝑡
𝑛 𝑡
𝑖=1
   (4) 
 
𝑻𝑺𝑺𝑹𝑹𝒕 = Mean removal rate of TSS for treatment process ′t′ 
𝑩𝑶𝑫𝑹𝑹𝒕 = Mean removal rate of BOD for treatment process ′t′ 
𝑻𝑺𝑺𝑰𝒊𝒕 = Influent value for TSS from STW ′𝑖
′ for treatment process ′t′  
𝑩𝑶𝑫𝑰𝒊𝒕 = Influent value for BOD from STW ′𝑖
′ for treatment process ′t′ 
𝑻𝑺𝑺𝑬𝒊𝒕 = Effluent value for TSS from STW ′𝑖′ for treatment process ′t′ 
𝑩𝑶𝑫𝑬𝒊𝒕 = Effluent value for BOD from STW ′𝑖′ for treatment process ′t′ 
𝒏𝒕 = Number of STWs for treatment process ′t′ 
 
 The overall mean removal rates for BOD and TSS for each process type can be seen in 
Table 23. Individual STWs within the treatment process category achieving removal rates above 
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the overall mean (Table 23) indicated that the STW was performing above the average, and values 
below suggest that the STW was performing below the average. This variation from the mean was 
termed the „Correction Factor‟. 
 
Table 23 Mean Removal Rates for BOD and TSS for Each Process Category 
Treatment Type (t) TSSRR BODRR 
Primary Sedimentation 25% 32% 
Secondary Trickling Filter 94% 94% 
Secondary Activated Sludge 96% 96% 
  
 To calculate the Correction Factor, the mean BOD and TSS values for a site specific STW 
were subtracted by the overall mean of the process category, and then divided by the overall mean 
of the process category. For example STWi (a trickling filter) has a mean TSS removal rate of 74%, 
and the overall mean TSS removal rate for trickling filters is 94%, therefore the Correction Factor 
for STWi would be (0.74-0.94)/0.94 = -0.21 (-2.1%). The calculations developed to establish the 
Correction Factor can be seen in Equations 5 and 6 below.  
 
Equations 5 and 6 Correction Factor for individual STWs 
𝑇𝑆𝑆𝑖𝑡 =
𝑇𝑆𝑆𝑅𝑅 𝑖−𝑇𝑆𝑆𝑅𝑅𝑡  
𝑇𝑆𝑆𝑅𝑅𝑡
     5       ,      𝐵𝑂𝐷𝑖𝑡 =
𝐵𝑂𝐷𝑅𝑅 𝑖− 𝐵𝑂𝐷𝑅𝑅𝑡
𝐵𝑂𝐷𝑅𝑅 𝑡
    6  
 
𝑻𝑺𝑺𝒊𝒕 = Correction factor for TSS from STW ′𝑖
′with treatment process ′t′ 
𝑩𝑶𝑫𝒊 = Correction factor for BOD from STW ′𝑖
′with treatment process t 
𝑻𝑺𝑺𝑹𝑹𝒊 = Mean removal rate of TSS from STW ′𝑖′ 
𝑩𝑶𝑫𝑹𝑹𝒊 = Mean removal rate of BOD from STW ′𝑖′ 
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𝑻𝑺𝑺𝑹𝑹𝒕 = Mean removal rate of TSS for treatment process ′t′ 
𝑩𝑶𝑫𝑹𝑹𝒕 = Mean removal rate of BOD for treatment process ′t′ 
 
 The Correction Factor for each STW was then used to adjust the literature removal rates 
for each micropollutant. This was done to make micropollutant removal rates specific to each STW 
according to the works efficiency. Micropollutant removal, as discussed in Chapter 2, is governed 
by four mechanisms: biodegradation, adsorption, volatilisation, and chemical degradation. Due to 
the hydrophobic nature of most micropollutants the main removal mechanism is adsorption, 
reflected by TSS, those micropollutants that are not highly hydrophobic can be available for 
biodegradation which is reflected by BOD (for example the higher the BOD removal, the higher 
the biodegradation). Unfortunately, water quality parameters that represent volatilisation and 
abiotic degradation are not routinely monitored and therefore these removal pathways were unable 
to be represented. However, the assumption can be made that the proportion of the micropollutant 
that has not partitioned to solids will be available to all three mechanisms; biodegradation, 
volatilisation and abiotic degradation.  
 
 The Correction Factor for each micropollutant was evaluated independently using the 
physicochemical data collected in Chapter 2 to establish the dominant removal mechanism in order 
to allocate the proportion of removal that was governed by BOD Correction Factor and/or TSS 
Correction Factor. In the absence of being able to represent volatilisation (a relatively important 
mechanism for some industrial chemicals and pesticides) and chemical degradation (not found to 
be significant for any micropollutant) the values were divided by TSS and BOD, where the removal 
was not governed by adsorption, the removal was attributed to BOD.  Table 24 sets out the 
percentage ratios of removal for each micropollutant from the two mechanisms (TSS = adsorption 
and BOD = biodegradation), the percentage ratios were determined using the delineation below. 
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Log Kow ≥ 7 = 100% TSS 
Log Kow > 4 and < 7 = 75% TSS and 25% BOD 
Log Kow > 2 and < 4 = 50% TSS and 50% BOD 
Log Kow > 0 and < 2 = 25% TSS and 75% BOD 
Log Kow ≤ 0 = 100% BOD 
 
Table 24 Percentage Removal Rate Ratios for Micropollutants 
Chemical Group Micropollutant Percentage Removal Rate Ratios (%) 
  TSS BOD 
Heavy Metals 
Cadmium 100 0 
Lead 100 0 
Mercury 100 0 
Nickel 100 0 
Polycyclic Aromatic 
Hydrocarbons 
Anthracene 75 25 
Fluoranthene 75 25 
Naphthalene 50 50 
Total PAHs 75 25 
Surfactants 
LAS 25 75 
Nonylphenol (NP) 75 25 
Octylphenol (OP) 75 25 
Flame Retardants 
C10-13 PCA 75 25 
PeBDE 100 0 
Pentachlorobenzene (PeCB) 75 25 
Industrial Chemicals 
Benzene 50 50 
1,2-Dichloroethane 25 75 
Dichloromethane (DCM) 25 75 
DEHP 100 0 
Hexachlorobenzene (HCB) 75 25 
Hexachlorobutadiene (HCBD) 75 25 
Hexachlorocyclohexane (HCH), 75 25 
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Trichlorobenzene (TCB), 50 50 
Trichloromethane  25 75 
Tetrachloroethylene 50 50 
Trichloroethylene (TCE) 50 50 
Pesticides 
Alachlor 50 50 
Atrazine 50 50 
Chlorfenvinphos 50 50 
Chlorpyrifos  75 25 
Diuron 50 50 
Endosulfan 75 25 
Isoproturon 50 50 
Pentachlorophenol 75 25 
Simazine 50 50 
Tributyltin (TBT) 75 25 
Trifluralin 75 25 
 
 Once the final removal rate ratio was established for each micropollutant, the final site 
specific STW removal rate for each micropollutant could be established using the calculation 
developed below in Equation 7.  
 
Equation 7 Calculation for Site Specific STW Removal Rates 
𝑆𝑇𝑊𝑖𝑗  = 𝑅𝑅𝑖𝑗  ×  1 + 𝑇𝑆𝑆𝑖𝑡  × 𝑃𝑗 +  𝐵𝑂𝐷𝑖𝑡 ×   1 −  𝑃𝑗      (7) 
 
𝑺𝑻𝑾𝒊𝒋 = 𝑇𝑕𝑒 𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 𝑟𝑎𝑡𝑒 𝑓𝑜𝑟  𝑆𝑇𝑊 ′𝑖
′  𝑎𝑛𝑑 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 ′𝑗′   
 𝑹𝑹𝒊𝒋 = 𝑇𝑕𝑒 𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 𝑟𝑎𝑡𝑒 𝑓𝑜𝑟  𝑆𝑇𝑊 ′𝑖
′  𝑎𝑛𝑑 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 ′𝑗′  
𝑻𝑺𝑺𝒊𝒕 = 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 𝑓𝑜𝑟 𝑡𝑜𝑡𝑎𝑙 𝑠𝑢𝑠𝑝𝑒𝑛𝑑𝑒𝑑 𝑠𝑜𝑙𝑖𝑑𝑠 𝑓𝑜𝑟 𝑆𝑇𝑊 ′𝑖
′with treatment process ′t′ 
𝑷𝒋 = 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒  𝑎𝑝𝑝𝑜𝑟𝑡𝑖𝑜𝑛𝑚𝑒𝑛𝑡 𝑎𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑒𝑑 𝑤𝑖𝑡𝑕 𝑇𝑆𝑆 𝑎𝑛𝑑 𝑜𝑟 𝐵𝑂𝐷 𝑓𝑜𝑟 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 ′𝑗′   
𝑩𝑶𝑫𝒊 = 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 𝑓𝑜𝑟 𝑏𝑖𝑜𝑙𝑜𝑔𝑖𝑐𝑎𝑙 𝑜𝑥𝑦𝑔𝑒𝑛 𝑑𝑒𝑚𝑎𝑛𝑑 𝑓𝑜𝑟 𝑆𝑇𝑊 ′𝑖
′with treatment process ′t′ 
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A working example of how equation 7 works is shown below:  
1. Mean removal rates for TSS and BOD for STWi (an activated sludge plant) is 97% and 98%.  
2. The mean removal rates for an activated sludge plants is 96% for TSS and 96% BOD (Table 28).   
3. Therefore, the Correction Factors for TSS and BOD are: 
𝑇𝑆𝑆𝑖𝑡 =
0.97 − 0.96
0.96
= 0.01          𝐵𝑂𝐷𝑖𝑡 =
0.97 − 0.96
0.96
= 0.02 
4. The median literature removal rate for anthracene at an activated sludge plant is 97% (Table 22),  
5. Anthracene has a percentage removal rate ratio of 75% for TSS (adsorption) and 25% for BOD 
(biodegradation) (Table 29): 
6. Therefore the adjusted removal rate is: 
 𝑆𝑇𝑊𝑖𝑗 = 97% × (1 + (0.1 × 0.75 + 0.21 × 0.25) = 98.3% 
7. The final adjusted removal rate for anthracene at STWi is 98.3%. 
 
 The removal rate for each STW and micropollutant (xij) was then multiplied by the 
estimated influent concentrations generated in Chapter 4 to give the predicted effluent 
concentrations as shown in Equation 8.  
 
Equation 8 Calculation for Estimating Micropollutant Effluent Concentrations 
𝐸𝐶𝑖𝑗 = 𝐼𝐶𝑖𝑗  ×  𝑆𝑇𝑊𝑖𝑗  (8)    
 
𝑬𝑪𝒊𝒋 = Estimated effluent concentration for STW i
′and compound ′j′ 
𝑺𝑻𝑾𝒊𝒋 = The adjusted removal rate for  STW ′𝑖
′  and compound 𝑗′  
𝑰𝑪𝒊𝒋 = Estimated influent concentration for STW ′i
′and compound j′(Rowsell et al, 2009) 
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The effluent concentrations (µg L
-1
) could be converted into loads (g Day
-1
) by multiplying 
the values by the site-specific STW average daily flow (ADF), as shown in Equation 9. 
 
Equation 9 Converting Effluent Concentrations to Loads 
𝐸𝐿𝑖𝑗 = 𝐸𝐶𝑖𝑗  ×  𝐴𝐷𝐹𝑖    (9)  
𝑬𝑳𝒊𝒋 = Estimated effluent load for STW ′𝑖
′ ′and compound ′j′ 
𝑨𝑫𝑭𝒊 = The average daily flow for  STW ′𝑖
′  
𝑬𝑪𝒊𝒋 = Estimated effluent concentration for STW ′𝑖
′and compound j′(Rowsell et al, 2009) 
 
5.2.1 Calculation Accuracy Assessment 
 The calculation was validated by comparing the estimated effluent concentrations, with 
monitored effluent data from a number of STWs (data provided by the water company). However, 
monitored data were only available for four heavy metals: cadmium, lead, mercury, and nickel. For 
these micropollutants, effluent monitoring data were gathered over a one year period, and the mean 
effluent concentration value for each STW was calculated. To assess the accuracy, the estimated 
effluent concentrations were divided by the monitored concentrations: those above one suggested 
that the estimated effluent concentrations were overestimated, and values below one suggested that 
the concentrations were underestimated (Table 25). GREAT-ER's aim is to predict chemical 
concentrations with an accuracy factor 3 to 5 (Feijtel et al. 1997) and so these results appear to be 
acceptable as most values are within a factor of 3. Those values above or below a factor of three 
have been presented in Table 25.  
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Table 25 Accuracy Analysis for Cadmium, Lead, Mercury, and Nickel 
Effluent Accuracy Factor Cadmium Lead Mercury Nickel 
<0.3 Underestimate 21% 13% 21% 28% 
0.3 to 3 Acceptable 61% 74% 79% 72% 
>3 Overestimate 18% 13% 0% 0% 
 
 The assessment demonstrated that the calculation could achieve 61% accuracy for 
cadmium, 74% for lead, 79% for mercury, and 72% for nickel. The estimated effluent data 
displayed a propensity to underestimate mercury and nickel concentrations (21% and 28% 
respectively), whereas cadmium and lead concentrations were split roughly equally between 
overestimated and underestimated. Although this validation process could not be carried out for all 
micropollutants due to the lack of sample data, the micropollutants that could be assessed 
demonstrated that the principles of the calculation were satisfactory.  
 
5.3 Results 
 The results generated from the micropollutant effluent calculation for 562 STWs in the UK 
have firstly been displayed against the estimated influent loads. The results in Figure 10 present the 
estimated mean influent and effluent levels in g Day
-1
 for each micropollutant; the micropollutants 
have been set out in their respective chemical groups.  
 
 The results from Figure 10 demonstrated that all the chemical groups had higher mean 
influent loads compared to their respective mean effluent loads. The micropollutants with the 
highest mean influent loads were DEHP with a mean load of 183 g Day
-1
, lead with a mean load of 
68 g Day
-1
, DCM with a mean load of 42 g Day
-1
, nickel with a mean load of 38 g Day
-1
, and NP 
with a mean load of 30 g Day
-1
. The total mean influent load for these micropollutants was almost 
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five times that of the total of the remaining thirty-six micropollutants, indicating their dominance in 
influent loads. The micropollutants with the highest effluent loads were lead (16 g Day
-1
), nickel 
(16 g Day
-1
), DEHP (12 g Day
-1
), DCM (2 g Day
-1
), and NP (2 g Day
-1
), and it can be seen that the 
micropollutants with largest influent loads are the same compounds as those with the largest 
effluent loads.  This indicates that if a micropollutant is dominant in influent loads then it is likely 
to be dominant in effluent loads i.e. effluent is proportional to influent, as observed by Lester 
(2003). In addition, the total of the mean effluent load for these micropollutants was almost four 
times that of the total of the remaining thirty-six micropollutants, again indicating the dominance of 
these micropollutants in effluent loads. 
 
 
Figure 10 Mean Micropollutant Influent and Effluent Loads  
 
 Figure 10 also indicates that 17 of the 36 micropollutants (approximately 50%) of the 
micropollutants had an influent load greater than 1 g Day
-1
, whilst 9 of the 36 micropollutants  
0.000
0.001
0.010
0.100
1.000
10.000
100.000
C
a
d
m
iu
m
L
e
a
d
M
e
rc
u
ry
N
ic
k
e
l
A
n
th
ra
c
e
n
e
F
lu
o
ra
n
th
e
n
e
N
a
p
h
th
a
le
n
e
T
o
ta
l 
P
A
H
L
A
S
N
o
n
y
lp
h
e
n
o
ls
O
c
ty
lp
h
e
n
o
ls
C
1
0
-1
3
-C
h
lo
ro
a
lk
a
n
e
s
P
e
B
D
E
P
e
n
ta
c
h
lo
ro
b
e
n
ze
n
e
B
e
n
ze
n
e
1
,2
-D
ic
h
lo
ro
e
th
a
n
e
D
C
M
D
E
H
P
H
e
x
a
c
lo
ro
b
e
n
ze
n
e
H
e
x
a
c
h
lo
ro
b
u
ta
d
ie
n
e
H
e
x
a
c
h
lo
ro
c
y
c
lo
h
e
x
a
n…
T
ri
c
h
lo
ro
b
e
n
ze
n
e
T
ri
-c
h
lo
ro
m
e
th
a
n
e
T
ri
c
h
lo
ro
e
th
y
le
n
e
T
e
tr
a
c
h
lo
ro
e
th
y
le
n
e
A
la
c
h
lo
r
A
tr
a
zi
n
e
C
h
lo
rf
e
n
v
in
p
h
o
s
C
h
lo
rp
y
ri
fo
s
D
iu
ro
n
E
n
d
o
su
lf
a
n
Is
o
p
ro
tu
ro
n
P
e
n
ta
c
h
lo
ro
p
h
e
n
o
l
S
im
a
zi
n
e
T
ri
b
u
ty
lti
n
T
ri
fl
u
ra
lin
A
v
e
ra
g
e
 L
o
a
d
 (
g
 D
a
y
-1
) 
L
o
g
 S
c
a
le
 B
a
s
e
 1
0
Micropollutants
Inf luent Ef f luent
Chapter 5: Estimating Effluent Concentrations of 
Micropollutants in Wastewater  
119 
 
(25%) had an effluent load greater than 1 g Day
-1
, indicating a significant reduction in 
micropollutant load from influent to effluent. It can be seen that the dominant classes for influent 
remain dominant in effluent loads, for example heavy metals, industrial chemicals, and surfactants, 
these findings are supported by Comber et al. (2007) who suggested that lead, nickel, DEHP, and 
NP were all micropollutants that could be of potential concern in effluent discharges from STWs. 
 
 The results in Table 26 present the mean, minimum, and maximum effluent loads and 
concentrations of micropollutants for 562 STWs. In order to understand the distribution of the 
STW effluent loads for each micropollutant the standard deviation and the percentage of STWs 
above the mean were also presented. Finally the mean concentrations for each micropollutant were 
discussed in order to compare the concentrations with previously published literature.  
 
 The mean of the effluent loads confirm the findings in Figure 10 and suggest that the 
highest loads and highest standard deviation (excluding those compounds that were detected < 
LOD, in red) were associated with nickel (1,759.3 g Day
-1
), lead (1,175.1 g Day
-1
), DEHP (706.6 g 
Day
-1
), DCM (296.1 g Day
-1
), NP (205.3 g Day
-1
), tetrachloroethylene (171.6 g Day
-1
), and LAS 
(94.9 g Day
-1
). This shows a slight variation from the mean values, as on average lead has a higher 
mean than nickel, and LAS has a higher mean than tetrachloroethylene. As discussed above there is 
a significant reduction in micropollutant effluent loads compared to influent loads, but it does 
suggest that the ubiquitous nature of these micropollutants in influent is reflected in effluent as the 
same micropollutants are highlighted as having the highest loads. The micropollutants that 
exhibited moderate loads and variation between STW (excluding those compounds < LOD, in red) 
were TCE, chloroform, cadmium, Total PAHs, and mercury. These results partially reflect the 
influent pattern, with two main exceptions, those loads for cadmium, and mercury. These 
micropollutants were found to be of low load in influent; however they have risen to medium loads 
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in effluent as a result of poor removal rates. The studies carried out on these heavy metals (cited in 
Chapter 2) collectively provided median removal rates of 20% and 56% for cadmium and mercury 
during trickling filter processes, and 77% and 73% removal for cadmium and mercury for activated 
sludge processes. It can be seen that removal rates for trickling filters are particularly poor for these 
micropollutants, and with trickling filters making up 62% of the STWs, effluent loads at these sites 
would be of particular concern.  
 
 The remaining micropollutants (excluding those compounds < LOD, in red) fluoranthene, 
PeBDE, naphthalene, benzene, and 1, 2-dichloroethane all exhibited relatively low average loads 
(maximum loads of 6.1 – 10.9 g Day-1). The micropollutants that were detected below the LOD are 
difficult to assess because the loads/concentrations cannot be accurately evaluated. There are a 
number of micropollutants with relatively high effluent loads such as the two pesticides, diuron, 
and isoproturon. These micropollutants also demonstrated high influent loads which was attributed 
to their high LOD (1.0 & 2.0 µg L
-1
 respectively), which is likely to also have resulted in the high 
effluent loads as literature suggests good removal rates ranging from 76 – 95%. The remainder of 
the micropollutants < LOD demonstrated low effluent loads. 
 
 It is difficult to draw conclusions from load values alone as without micropollutant toxicity 
data the micropollutants with the most significant loads may not result in any environmental 
damage. However, even without these data it is still necessary to look at the few STWs that have 
micropollutant effluent loads greater than the mean, for even if the mean effluent load is of low 
concern for a particular micropollutant there could still be STWs of high concern. The results in 
Table 26 present the percentage of STWs over the mean (g Day
-1
), indicating the percentage of 
STWs that will be most vulnerable to receiving high micropollutant loads. The results suggested 
that on average around 13% of all STWs experience loads above the mean; a pattern also observed 
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for influent loads where the majority of STWs (87%) were at or below the mean. On analysis the 
high load STWs for influent were the same as the high load STWs for effluent, suggesting that 
STWs with a population equivalent > 50,000 experience both high influent and effluent loads.   
 
 The mean concentrations of micropollutants have also been presented in Table 26 in order 
to compare effluent concentrations with previous studies. In general, it is difficult to compare 
published literature with estimated concentrations of micropollutants because concentrations are 
particular to specific STWs according to their sources, and specific regions and countries due to 
variations in domestic and commercial practices. This comparison can therefore only be used as a 
guideline to indicate whether the concentrations estimated are within similar ranges to those 
observed during monitoring programmes. 
 
  Overall, the mean concentrations compared with previous studies were in good agreement. 
For example, mean nickel and lead concentrations (5.2 and 8.1 µg L
-1
) were within or almost 
within the range observed by Carletti‟s (2008) study on heavy metals in Italian wastewater 
effluents (5.4 – 11.7 and 7.5 – 16.4 µg L-1 respectively). Vogelsang et al. (2006) reported similar 
effluent concentrations for NP (0.8 – 4 µg L-1) and Total PAHs (0.1 – 0.7 µg L-1)   in their study on 
Norwegian STWs. Concentrations of DEHP from the same study were found to be lower that the 
estimated mean concentrations, however, they were found to be within the concentration range 
reported on a study  carried out in Germany (5.6 – 184 µg L-1)  (Raach et al., 1999, Cited in 
Thornton et al., 2001). LAS, like influent concentrations, were below monitored effluent 
concentrations observed by Feijtel et al. (1995) (LAS was estimated at 1.4 µg L
-1 
compared to 
observed concentrations10 µg L
-1
).  
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Table 26 Mean, Maximum, and Minimum Effluent Levels of Micropollutants for all STWs 
Chemical Group Micropollutant µg L-1 g Day-1 
  
Mean Mean St Dev Max Min 
% of STWs above 
the mean 
Heavy Metals 
Cadmium 0.3 0.6 2.6 36.5 0.0 13% 
Lead 8.1 16.3 78.8 1175.1 0.0 12% 
Mercury 0.1 0.2 1.4 21.7 0.0 12% 
Nickel 5.2 16.2 102.8 1759.3 0.0 11% 
Polycyclic Aromatic Hydrocarbons 
Anthracene 0.01 0.01 0.05 0.8 0.0 13% 
Fluoranthene 0.04 0.1 0.8 10.9 0.0 13% 
Naphthalene 0.03 0.1 0.5 6.6 0.0 10% 
Total PAHs 0.3 0.4 1.8 30.1 0.0 13% 
Surfactants 
LAS 1.4 1.9 7.8 94.9 0.0 14% 
Nonylphenol (NP) 1.1 2.4 13.1 205.3 0.0 11% 
Octylphenol (OP) 0.2 0.5 2.4 39.2 0.0 13% 
Flame Retardants 
C10-13 PCA 0.01 0.2 0.7 9.7 0.0 14% 
PeBDE 0.1 0.1 0.4 6.0 0.0 13% 
Pentachlorobenzene (PeCB) 0.0 0.001 0.0 0.06 0.0 14% 
Industrial Chemicals 
Benzene 0.02 0.02 0.3 6.1 0.0 7% 
1,2-Dichloroethane 0.01 0.02 0.3 6.1 0.0 7% 
Dichloromethane (DCM) 1.7 3.0 16.8 296.1 0.0 13% 
Di(2-ethylhexyl)phthalate (DEHP) 9.4 12.2 51.7 706.6 0.0 13% 
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Hexachlorobenzene (HCB) 0.0 0.001 0.0 0.05 0.0 14% 
Hexachlorobutadiene (HCBD) 0.0 0.0 0.0 0.03 0.0 12% 
Hexachlorocyclohexane (HCH), 0.0 0.003 0.01 0.2 0.0 13% 
Trichlorobenzene (TCB), 0.0 0.0 0.0 0.03 0.0 12% 
Trichloromethane  0.2 0.9 3.7 49.6 0.0 14% 
Tetrachloroethylene 0.1 1.8 12.4 171.6 0.0 7% 
Trichloroethylene (TCE) 0.2 0.7 4.8 65.1 0.0 9% 
Pesticides 
Alachlor 0.0 0.001 0.0 0.06 0.0 14% 
Atrazine 0.0 0.004 0.02 0.4 0.0 13% 
Chlorfenvinphos 0.01 0.02 0.08 1.2 0.0 12% 
Chlorpyrifos  0.0 0.01 0.06 1.0 0.0 12% 
Diuron 0.7 1.7 9.6 166.6 0.0 12% 
Endosulfan 0.0 0.001 0.01 0.09 0.0 13% 
Isoproturon 0.8 2.3 14.1 249.9 0.0 12% 
Pentachlorophenol 0.0 0.001 0.01 0.09 0.0 14% 
Simazine 0.0 0.001 0.0 0.07 0.0 12% 
Tributyltin (TBT) 0.0 0.0 0.01 0.1 0.0 7% 
Trifluralin 0.0 0.002 0.01 0.1 0.0 13% 
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 In order to evaluate treatment process removal rates in more detail, effluent loads were 
divided into their respective secondary processes: trickling filters and activated sludge. Figure 11 
presents the mean percentage of micropollutants in effluent which demonstrates the micropollutant 
removal capability of the different treatment options irrespective of the size of the STW load. This 
was achieved by dividing the mean effluent load of all STWs by the mean influent load for each 
micropollutant.  
 
 
Figure 11 Mean Percentage of Micropollutants in Effluent  
 
 The results in Figure 11 indicated that the higher the percentage, the poorer the removal 
rate. For example the results show that the percentage of atrazine remaining in the effluent after 
treatment from a trickling filter is 96% of the influent load and only 10% from an activated sludge 
plant, indicating that trickling filters are far less efficient than activated sludge at removing atrazine 
from the influent due to the high percentage remaining in the effluent. 
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 The percentage values for trickling filters were higher for thirty micropollutants, with the 
exceptions of nickel, isoproturon, diuron, and NP. Both trichloroethylene and tetrachloroethylene 
had the same removal efficiency for both trickling filter and activated sludge processes. Therefore 
Figure 11 indicates that overall activated sludge plants achieve higher removal rates for the 
majority of the micropollutants. These results would be expected as activated sludge plants 
generally are more effective at removing contaminants in wastewater (Bolong et al., 2009, Bowen 
et al., 2003, Lester, 2003). This is because the bacterial film coating the contact material in 
trickling filter processes is stationary and likely to become clogged after time. In activated sludge 
processes, the finer suspended matter of sewage itself or sludge floc contains the bacterial film, 
which is kept moving because of the constant agitation. The sludge floc contains microorganisms 
which are continuously swept through the sewage increasing surface area and is therefore able to 
breakdown the organic matter present in the sewage in a much more efficient way. It is also quoted 
that inferior performance of trickling filters as compared with activated sludge treatment has been 
related to unsatisfactory settling of solids washed from the filter and that the particulate matter has 
been found to interfere with removal of dissolved organics in the biofilm treatment processes 
(Birkett & Lester, 2003). As a result, the efficiency of activated sludge plants is higher than that of 
trickling filters.  
 
 The micropollutants with over 50% remaining in trickling filter effluents were atrazine 
(96%), diuron (80%), cadmium (80%), HCH (73%), and lead (57%); compared with diuron (60%), 
nickel (60%) in activated sludge. All the organic compound with 50% or more remaining in the 
effluent all have high molecular weights (all above 200 g mol
-1
) HCH is a hydrophobic compound 
with a relatively high Log Kow (4.3), and therefore good removal via adsorption would be expected. 
HCH‟s poor removal during the trickling filter process could be attributed to its high molecular 
weight which requires a longer retention time to successfully adsorb to suspended solids; in 
addition trickling filters are less efficient at removing suspended solids thus reducing the removal 
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capacity of the compound. However, this result is generated from one study and therefore this 
output must be considered with caution. Atrazine, diuron, and isoproturon also have high molecular 
weights, low adsorption potential, and are relatively soluble in water. These compounds are not 
designed to biodegrade due to their use as a pesticide and thus these compounds are likely to 
remain in solution through the STW process. The heavy metals; lead, cadmium, and nickel were 
also found in high concentrations in effluent. This is because the removal during secondary 
treatment is reliant on adsorption and complexation to microbial flocs. This last mechanism often 
requires a higher acclimation period for microorganisms for complexation to occur which is why 
on average activated sludge plants are more efficient at removing metals. The micropollutants 
where there were no percentage values present, such as 1, 2-dichloroethene (for activated sludge) 
showed that the micropollutant had been almost completely removed. 
 
 Assessing the percentage values for micropollutants within their chemical groups indicated 
that heavy metals, industrial chemicals, and pesticides were the groups with the highest percentages 
remaining in effluent load i.e. the poorest removals. These results corroborated with the high load 
effluent discharge results for heavy metals and industrial chemicals suggesting that poor removal is 
linked to high discharge loads. However, it is important to be aware that the percentage of 
micropollutants remaining in effluent (micropollutant removal) alone may not reflect potential 
effluent discharge concerns directly as micropollutant influent loads must be considered in 
conjunction with this. For example although a number of pesticides demonstrated high percentages 
remaining in effluent, they were all detected below the LOD and so despite poor removal these 
compounds would not be expected to be of concern in final STW effluents. 
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Figure 12 Percentage of Chemical Groups in STW Effluent Load 
 
 Figure 12 illustrates the average percentage load of chemical groups in STW effluents 
using ADF values. Industrial chemicals were the dominant input to STW influents with a profile of 
57% of all micropollutants; however this has been reduced to 31% of the overall average load in 
effluents and as a result is the second most dominant chemical class behind heavy metals. The 
same two compounds remained dominant however in the influent and effluent (DEHP and DCM). 
Heavy metals were the second highest contribution to influent load with 25%, but increased to the 
highest contributing group with 54% of all micropollutants. Again, the two highest compounds lead 
and nickel, were dominant in both influent and effluent. Surfactants were reduced from 13% to 8% 
with LAS and NP being dominant in both influent and effluent. Pesticides showed a noticeable 
increase from 3% to 7% due to their poor removal rates. Finally, PAHs and flame retardants were 
the smallest chemical groups making up a total of only 1% of the total effluent. In summary, these 
results suggest that influent loads strongly affect effluent loads as all the compounds that were of 
concern in the influent were of concern in the effluent. 
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5.4 Discussion 
The calculations developed in this chapter were developed to estimate micropollutant 
effluents utilising readily available data that would enable a rapid and easy assessment of a large 
number of STWs to aid management decisions for the implementation of the WFD. The results 
generated from the calculation demonstrated that heavy metals, industrial chemicals, and surfactant 
loads could all be of potential concern for a number of STWs. In addition, the percentage of 
micropollutants remaining in effluent suggested that heavy metals, HCH, atrazine, isoproturon, and 
diuron could also cause discharge problems due to their poor removal. Atrazine, diuron, and 
isoproturon were all detected below the LOD in influent; therefore these values should be taken 
with caution as they may not represent the true loads of these compounds. In addition the use of 
atrazine and isoproturon are now banned in the UK, and therefore only diuron would be expected 
to be found in effluent loads. It must be noted that without more detailed analysis of the toxicity of 
the micropollutants it is difficult to put the results into context.  
 
 The removal rates were found to correspond to the physicochemical properties discussed in 
Chapter 2, which dictates the behaviour and subsequent removal potential in wastewater. The 
results indicated that trickling filters were less efficient at removing micropollutants from 
wastewater than activated sludge. This has been observed by Birkett and Lester (2003) who 
discussed that inferior performance of trickling filters was related to unsatisfactory settling of 
solids washed from the filter and that the particulate matter has been found to interfere with 
removal of dissolved organics in the biofilm treatment processes. As a result, the efficiency of 
activated sludge plants is higher than that of trickling filters.  
 
 
Chapter 5: Estimating Effluent Concentrations of 
Micropollutants in Wastewater  
129 
 
5.4.1 Limitations of Calculations 
 The calculations developed for estimating effluent levels had a number of limitations. 
Firstly, the majority of studies found in literature for heavy metal removal rates were over ten years 
old, and there was little consistency between studies. This resulted in using data that were analysed 
using older and perhaps less accurate analytical techniques, which may have resulted in inaccurate 
measurements of removal rates. There was also a paucity of removal rate literature for a number of 
the organic micropollutants, resulting in assumed removal rates that may not accurately represent 
the behaviour of the micropollutant in wastewater. To mitigate this, further research will be 
required to obtain full data on removal rates for all micropollutants in municipal wastewater 
treatment processes.  
 
 In addition, a number of the observed removal rates were very low for industrial chemicals, 
and pesticides. Although the physicochemical properties indicated that these compounds would be 
likely to be recalcitrant in wastewater, the monitored rates were below the expected values. It must 
be noted that only one data set observed the low removal rates for the compounds observed to have 
low removal rates, and therefore the results could be a result of analytical error and caution should 
be taken when evaluating these results. 
 
 Secondly, the operational parameters used to assess wastewater quality in STWs were 
limited in terms of representing all micropollutant removal pathways. To establish the relationship 
between the operational performance parameters (BOD and TSS) and micropollutant removal rates 
the physicochemical properties of the micropollutants were assessed to determine the fate of the 
micropollutants in wastewater. Only two main removal mechanisms were able to be represented by 
BOD and TSS removal: adsorption (TSS), and biodegradation (BOD). However, neither 
volatilisation nor chemical degradation mechanisms could be represented in the calculations as 
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there is no corresponding parameter to reflect the removal pathways. Being able to represent these 
pathways through a known measurable operational parameter would reduce this limitation.  
 
 Thirdly, the use of estimated influent concentrations from Chapter 4 means that any 
limitation related to the estimations of the influent concentrations is also a limitation of the effluent 
calculations. 
 
5.4.2 Applications of Calculations and Management Options 
 Despite the limitations that faced developing the calculations, estimating micropollutants in 
wastewater effluent is very important. A fine balance will be required in order to meet future 
discharge consent limits while maintaining sustainable costs to the water industry and the 
environment. There are a number of management options that can be adopted for controlling 
emissions, but without understanding the specific problem each region may experience, 
management plans may be misguided. Estimating micropollutant effluents levels on a large scale 
can provide information on the type and magnitude of the problem which can facilitate the most 
appropriate management strategies tailored for a particular region. 
 
 The options available for minimising effluent levels depend on the composition and load of 
the micropollutants. At sites where STW discharges need to be moderately reduced; adjusting 
operating parameters at primary or secondary treatment processes could improve removal 
efficiencies for micropollutants. It has been reported that increasing sludge retention time and 
hydrological retention time will increase STW removal efficiencies (Lester, 1987). However there 
are drawbacks to this approach such as the associated increase in energy costs, increased sludge 
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volume and the possibility that many STWs could not cope with existing influent flow using longer 
process times.  
 
 Furthermore, larger sewage-sludge volumes with higher pollutant loads mean it may 
become more difficult to meet the requirements of the Sludge (use in Agriculture) Regulations 
1989 (OPSI, 1989) and the tightening restrictions proposed under the EC Working Document on 
Sludge. This could mean that concentrations of micropollutants found in sludge due to increased 
removal efficiency at STWs could incur a fine and disqualify it from agricultural use. Under the 
regulations‟ associated “Safe Sludge Matrix”, higher pollutant loads in sludge will require 
extensive treatment processes in order for agricultural use to be allowed, and this may not even 
suffice. Without use of sludge in agriculture, considerable problems arise in terms of its disposal, 
such as the re-release of micropollutants back to the environment via runoff from landfill leachates 
or atmospheric deposition from incineration. Meanwhile removing micropollutant loads from 
sewage-sludge is costly, energy intensive and environmentally unsustainable due to the associated 
CO2 emissions (Bengtsson, 2004).  
 
 Increasing process times of STWs would also increase energy consumption and require 
financial investment, particularly for activated sludge facilities because aeration costs associated 
with longer hydraulic retention time and sludge retention time would increase significantly 
(Zakkour et al., 2002). Furthermore, as previously suggested, the associated CO2 emissions from 
increased energy use could mean a net damage to the environment from removal of micropollutants 
which would contradict the intentions of the WFD for a more sustainable environment (Zakkour et 
al., 2002). 
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 For STWs where optimisation is not suitable the retrofitting of advanced tertiary treatment 
technologies can be a solution. Such technologies include filtration (e.g. reverse osmosis), 
adsorption (e.g. granular activated carbon), and disinfection processes (e.g. ultra violet light). It is 
anticipated that these advanced tertiary options will deliver the required improvements in effluent 
quality for the majority of micropollutants, however cost-benefit analysis may indicate that such 
investment is disproportionate to the environmental benefits (Seriki et al., 2008). Comber et al. 
(2007) discussed that if advanced treatment is undertaken as the main management option to 
control discharge, then an estimated 50% of STWs in England will be required to retrofit this class 
of technology. A life cycle assessment was carried out for PeBDE with an estimated cost in excess 
of £11 billion for advanced tertiary treatments. Comber et al. (2007) also explained that the cost of 
additional treatment to remove other micropollutants may or may not be additive. 
 
 It is therefore extremely important to completely understand the risks that individual STWs 
are under in the context of the WFD before any management options can be fully evaluated. Under 
the WFD, STW discharge consent limits will be applied in line with the EQSs and will set 
concentrations (in µg L
-1
) that micropollutants cannot exceed. Each STW will vary depending on 
influent, removal rates, and dilution to surface waters and will require a complete site-specific risk 
assessment to determine which sites could be at risk of breaching their regulatory standards, and 
this will be covered in the discussion in Chapter 7. 
 
5.5 Conclusion 
 The aim of this chapter was to develop calculations to estimate micropollutant effluent 
levels at site specific STWs in order to provide a rapid and easy assessment of a large number of 
STWs to aid management decisions for the implementation of the WFD. Although the accuracy 
analysis could not be carried out for all micropollutants, where the calculation could be validated 
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61 – 79% of estimated effluent levels were accurate to within the required range. The results from 
the effluent calculations suggested that lead, nickel, DEHP, DCM, NP, tetrachloroethylene, and 
LAS should be of concern to STWs under the WFD, and that trickling filters were less efficient at 
removing the majority of micropollutants compared to activated sludge plants.  
 
 The effluent assessment provided a valuable insight into an area that had little 
understanding and could create a platform from which informed management decisions can be 
made. In particular it could be utilised by environmental scientists, the EA, or water companies to 
prioritise monitoring programmes for detailed effluent assessments at specific STWs, whilst 
assisting with treatment selection and optimisation of STWs as a way of improving effluent quality. 
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6.1 Part (a): Estimating influent and effluent concentrations of steroid estrogens in 
order to assess the need for tertiary treatment 
 Emerging contaminants can be broadly defined as compounds that have been newly 
developed or newly identified at trace levels (< 1 µg L
-1
) due to improved analytical techniques. 
They predominantly comprise of products commonly used in everyday life, such as human and 
veterinary pharmaceuticals, personal care products (PPCPs), surfactants and surfactant residues, 
plasticizers and various industrial additives; a number of which have been included under the WFD 
(e.g. NP, and OP) (Petrovic et al., 2003). One of the main sources of emerging contaminants 
entering surface waters and aquatic environments is via municipal STWs due to their domestic and 
commercial applications and incomplete breakdown during treatment processes (Auriol, 2006, 
Heberer, 2002, Ternes et al., 1999). 
 
 A large number of these emerging contaminants such as hormones, pharmaceuticals, 
PPCPs, and veterinary compounds are purported to cause endocrine disruption in organisms, and 
have been classified as endocrine disrupting compounds (EDCs). These compounds have the 
potential to interfere with the natural function of hormonal systems in humans and mammals and 
have caused widespread concern since the early 1980s (Ternes et al, 1999). The U.S. 
Environmental Protection Agency (1997) defines these chemicals as, “exogenous agents that 
interfere with the synthesis, secretion, transport, binding, action, or elimination of natural hormones 
in the body that are responsible for the maintenance of homeostasis, reproduction, development, 
and /or behaviour”. Hormonal disruption from these compounds can be caused by mimicking or 
blocking the structure of natural hormones produced in the body (Lester, 2003). The prolificacy of 
these properties has been highlighted by the USEAP‟s decision to classify 115 chemicals as having 
serious EDC effects, and more than 87000 chemicals are to be tested in the near future (USEPA, 
1998). 
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 A number of UK studies have documented endocrine disruption in the environment; in 
particular aquatic populations of trout, cyprinid roach, and the estuarine flounder have all 
demonstrated adverse reproductive effects as a direct result of the presence of EDCs in surface 
water (Allen et al., 1999, Butwell et al., 2008, Harries et al., 1997, Jobling et al., 1998) Further 
research has demonstrated that EDCs are not a localised issue, and surface waters across Europe, 
Japan, China and the USA have all reported endocrine disrupting activity (Baronti et al., 2000, 
Harshbarger et al., 2000, Hashimoto et al., 2000, Lei et al., 2009., Vethaak et al., 2005). The 
presence of EDCs in surface waters has been primarily attributed to their incomplete removal 
during the sewage treatment work process (Birkett, 2003). This has been demonstrated in a number 
of studies, for example Jobling et al., (2002) who documented a small number of intersex (part 
male, part female) fish living in the settlement lagoons of  two STWs in the U.K. Although the 
analysis revealed that the EDCs causing the intersex were only present in extremely low 
concentrations (parts per billion/trillion), they still caused endocrine disruption in aquatic 
organisms (Desbrow et al., 1998, Routledge et al., 1998).  
 
 From the wide category of compounds classified as EDCs, steroid estrogens have been 
identified as the most potent (Johnson & Williams, 2004). Steroid estrogens include natural 
hormones estrone, and estradiol, and the synthetically produced hormones ethinylestradiol (e.g. 
oral contraceptives and hormone-replacement treatment) designed to interact with the endocrine 
system (Zuccato et al., 2005). As discussed above it has been widely recognised that the major 
pathway for steroid estrogens entering the aquatic environment is through sewerage networks 
(Bound and Voulvoulis, 2005a). Ternes et al. (1999) demonstrated that estrogens were among the 
most potent EDCs persisting in the environment after conventional sewage treatment processes. 
They have been linked to impacts in the aquatic environment such as ovotestes in male fish and the 
decline in amphibian populations (Petrovic et al., 2002, Sumpter, 1995, Zhang and Zhou, 2005). 
Additionally, concerns for these compounds affecting human health have been highlighted by 
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Martin et al. (2007, 2008) who  also suggested that increased exposure to estrogenic compounds is 
associated with adverse trends in human reproductive health (Kozak et al., 2001, Sharpe and 
Skakkebaek, 1993, Soto et al., 2005).  
 
 To further the understanding of how current STW processes affect the concentrations of 
EDCs, in particular steroid estrogens, in treated effluents, the EA and the water industry established 
the „National Demonstration Programme‟ (NDP). The NDP set out to investigate the fate, 
behaviour and risk of these compounds in wastewater (Butwell et al., 2009), and concluded that 
“steroid estrogens had been identified as the most likely group of chemicals found in treated 
effluent for which regulated target values may be set”. The first section of this chapter (part a) 
therefore aimed to assess the concentrations and loads of steroid estrogens in STW influent and 
effluent to provide understanding and information on these compounds in the event that they will 
be regulated under the WFD in the near future. The second section (part b) will cover a bench scale 
analysis of a tertiary treatment that has been considered appropriate for achieving high level 
removal of steroid estrogens by the NDP. 
 
 6.1.1 Sources, Pathways, Fate and Behaviour of Steroid Estrogens 
 Steroid estrogens are a class of non-polar lipid molecules based on a cholesterol structure 
and are responsible for the regulation and maintenance of female sexual development and 
reproductive function (Hill, 2006, Gower and Fotherby, 1975). They include estrone (E1), estradiol 
(E2), of which estradiol is the more biologically active of the two, and ethinylestradiol (EE2), a 
synthetic hormone used as the active ingredient in the contraceptive pill and is one of the most 
biologically active steroid estrogens known (Kuster et al., 2004).  
 
Chapter 6: Assessing the Need for Tertiary Treatment to Remove 
Emerging Contaminants: Using Steroid Estrogens as a Case Study 
137 
 
6.1.1.1 Sources and Pathways 
 Steroid estrogens are excreted in the urine as biologically inactive glucuronide, sulphate, or 
sulphoglucuronide conjugates of estradiol and estrone. Small amounts of unconjugated estrogens 
are also excreted in the faeces (Orme et al., 1989). The amounts of natural estrogens excreted in the 
urine or faeces from any individual will depend on a number of factors such as sex, race, hormonal 
status (e.g. pre or postmenopausal), stage of menstruation, use of oral contraceptives and 
pregnancy. Women excrete 10 to 100 µg Day
-1
 of estrogen depending on the phase of their cycle; 
pregnant women excrete by far the largest amount of natural estrogens of up to 30 mg Day
-1
, 
followed by premenopausal women, oral contraceptive users and men, with post-menopausal 
women excreting the least. (Birkett & Lester, 2003, Orme et al., 1983, Johnson & Williams, 2004). 
Ternes et al. (1999) observed that the excretion rate of E1 and E2 ranged from 3 – 20 µg and 0.5 – 
5 µg Day
-1
. 
 
 Johnson and Williams (2004) found all three compounds in influent at ng L
-1
 
concentrations ranging from 42- 132 ng L
-1 
for E1, 5-22 ng L
-1
 for E2, and 0.5-3.8 ng L
-1 
 for EE2 . 
Johnson and Williams‟ (2004) study was carried out in Italy and concluded that the main pathway 
of steroid estrogens in wastewaters was domestic. Natural hormones are also used therapeutically, 
for example, in hormone replacement, but it has been estimated that the extra load to the 
environment due to the therapeutic use of estradiol would contribute less than 5% when compared 
to natural excretion (Christensen, 1998).  
 
 Another potential domestic route for synthetic EE2 is via the disposal of unwanted or out 
of date EE2 by users. With regard to disposal of unused drugs by the general population, the 
correct procedure is to return these to the pharmacy, which is then responsible for disposal 
(ultimately by licensed waste disposal contractors). In practice, the majority of people will either 
flush unused drugs down the toilet (passing to STWs) or dispose of them in domestic refuse which 
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will enter domestic waste landfill sites or, to a lesser extent, be incinerated (no data on the disposal 
of EE2 via flushing was found in the literature). 
 
 Concentrations of steroid estrogens from human activity in commercial establishments 
such as schools, hospitals, and universities are considered to be substantial, but no quantitative or 
qualitative studies were found that discussed the inputs from this pathway. However, Johnson et 
al.‟s (2004) study on estimating estrogens in influent determined the average estrogen inputs per 
person therefore representing the population of a STW catchment and thus encompassing both 
domestic and commercial inputs.  
 
 Industrial effluents from synthetic steroid manufacturers could potentially result in local 
concentrations.  However, Pickering et al. (2002) reported that EE2 analysis in manufacturing 
waste showed concentrations to be below the LOD (specified to be 1 ng L
-1
). In addition, 
formulating processes are consistently being improved in order to prevent any potential 
contamination of waste effluents (Pickering et al., 2002). It should be noted that the manufacturing 
of EE2 does not occur in the UK and therefore industrial inputs are expected to be negligible. 
Finally, given the use and origins of steroid estrogens, urban runoff was considered an unlikely 
source pathway.  
 
 Table 27 summarises the findings on steroid estrogens sources and pathways in this 
section, it also presents the average estimated loads per person observed by Johnson et al. (2008). 
Values with a tick next to them indicate that inputs from that pathway are expected, and values 
with a cross next to them indicate that inputs are not expected from that pathway. 
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Table 27 Summary of Steroid Estrogens Sources, Pathways and Concentrations (Johnson et al., 2008) 
Compound Source/Use Pathways (ng/person/day) 
Domestic Commercial
12
 Industrial Runoff 
Estrone (E1) Naturally occurring from human waste  (13.8)  (0.0)  ( 0.0 )  (0.0) 
Estradiol (E2) Naturally occurring from human waste  (3.3)  (0.0)  ( 0.0 )  (0.0) 
Ethinylestradiol (EE2) Synthetic from human waste  (0.89)  (0.0)  ( 0.0 )  (0.0) 
 = input from pathway is expected  = input from pathway not expected  
                                                 
12
 Commercial inputs are accounted for in the domestic values 
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6.1.1.2 Fate and Behaviour in Wastewater 
 Research on steroid estrogens has revealed that a variety of microorganisms are capable of 
degrading estrogens within the activated sludge process. Environmental factors, including pH, 
temperature, bioavailability, nutrient supply and oxygen availability have all been shown to have 
an effect on degradation (Singleton, 1994). Although environmental parameters are of significant 
importance it is the estrogens‟ physiochemical properties that largely determine the behaviour of 
these chemicals in STWs. Adsorption, chemical degradation, biological degradation, biological 
transformation, and volatilisation are all processes that act on these compounds and aid 
mineralisation. Due to steroid estrogens low Hc values (6.2 x 10
-7
 to 2 x 10
-11
) it is felt that removal 
through volatilisation would not be a significant pathway (Rogers et al., 2000). Chemical 
degradation by hydrolysis is also unlikely to occur due to the enclosed nature of STWs and the 
turbidity of the liquids preventing light penetration (Butwell et al., 2002). It is consequently felt 
that adsorption and biodegradation will be the main pathways for degradation. 
 
 Singleton (1994) suggests that one major factor influencing the efficiency of estrogen 
removal from wastewater is the ability of the compound to interact with solid particles, as this 
ability facilitates their removal by physical (settling, flotation) or biological processes 
(biodegradation). However, compounds with low adsorption coefficients tend to remain in the 
aqueous phase, which favours their persistence through STWs and ultimately into the receiving 
environment. The adsorption coefficient shown in Figure 13 suggests that the Log Kow   of E1 and 
E2 (3.4 and 2.8 respectively) are weakly hydrophobic, and EE2 (Log Kow 4.2) is considered to be 
the most hydrophobic of the estrogens (Butwell et al., 2002). Roger et al.‟s (2000) study confirmed 
the physicochemical nature of estrogens (E1 and E2), and indicated that biodegradation was the 
most significant removal process with some sorption to sludge, whereas EE2‟s removal was 
governed more significantly by adsorption. The significance of adsorption for EE2 was also 
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discussed in two batch test experiments carried out by Layton et al. (2000) and Johnson et al. 
(2000) who observed that 80% and 60% of EE2 bound to sludge. 
 
 There is increasing evidence that natural and synthetic steroid estrogens are excreted as 
biologically inactive glucuronide and sulphate conjugates which can be deconjugated by bacterial 
enzymes present in sewage treatment or in the environment; thereby reforming the biologically 
active parent estrogen compound (Baronti, et al., 2000). Laboratory batch studies investigating 
their inherent biodegradability in activated sludge demonstrated that EE2 is relatively persistent 
compared to the natural steroids. This is not an unexpected finding given that EE2 is designed to 
resist degradation in order to be effective as an oral contraceptive (Layton et al., 2000, Johnson et 
al, 2000). E2 is readily biodegraded to E1, which is then in turn biodegraded at a similar or slightly 
lower rate. Field studies investigating their behaviour during municipal sewage treatment also 
suggest that E2 is removed (by conversion to E1) more efficiently than E1 and EE2 (Pickering et 
al., 2002). 
 
 Monitoring studies show that concentrations of steroid estrogens can vary considerably in 
sewage effluents, with E1 concentrations being reported between 0.35 - 220 ng L
-1
, and E2 
concentrations between 2.7 - 88 ng L
-1
 and EE2 concentrations reported between 0.13 - 62 ng L
-1 
(Baronti et al., 2000, Johnson et al. 2000, Lee et al., 2008, Solé et al., 2001, Ternes et al., 1999). It 
is of note that the variability of reported concentrations will depend not only on the loading and 
efficacy of a particular STW but also on the analytical method used to analyse samples. 
 
 Finally, despite extensive research, it still remains unclear as to the fundamental removal 
mechanisms of steroid estrogens and the parameters affecting the removal rates within the system. 
However, it is known that E2 forms the metabolite E1 in wastewater as a result of biodegradation 
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which has been shown to be more resistant to biodegradation. EE2 is thought to be the most 
resistant to biodegradation and based on its Log Kow (4.2) removal via adsorption will be the 
dominant removal mechanism. The daughter compounds or intermediates from the catabolic 
breakdown of estrogens have not been thoroughly investigated, but there is a strong possibility that 
many metabolites are still as estrogenic if not more so than the parent compounds. Figure 13 and 
Table 28 represent the physicochemical properties of steroid estrogens, and removal rates observed 
in literature during primary, trickling filter, and activated sludge processes. The removal rates 
observed in the studies below vary widely, however it can be seen that E2 is consistently removed 
more successfully than E1 followed by EE2 during trickling filter treatment and activated sludge 
processes. 
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Figure 13 Physicochemical Properties of Steroid Estrogens (data collated from Birkett & Lester, 2003, Baronti et al., 2000) 
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Table 28 Removal Rates of Steroid Estrogens from Primary, Trickling Filter, and Activated Sludge Processes 
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Treatment Process % Compound 
     
  
   
Primary Sedimentation (%) 
Estrone (E1) - - - - - - - - - - 
Estradiol (E2) - - - - - 21 - - - - 
Ethinylestradiol (EE2) - - - - - - - - - - 
Primary Sedimentation + Trickling Filters 
(%) 
Estrone (E1) 67 - - - 90 - - - 30 22 
Estradiol (E2) 92 - - - 90 - - - 70 68 
Ethinylestradiol (EE2) 64 - - - 69 - - - - 0.8 
Primary Sedimentation + Activated Sludge 
(%) 
Estrone (E1) - 74 98 83 - - 79 78 93 24 
Estradiol (E2) - 88 98 - - - 94 91 97 54 
Ethinylestradiol (EE2) - - 90 - - - - 76 - 72 
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6.2 Methodology  
 The systematic review of „open‟ and „grey‟ literature discussed in section 6.1.1.1 assessed 
the sources, and pathways of steroid estrogens entering municipal sewage systems. The pathway 
loads for the influent calculation were taken from Johnson et al.‟s (2008) research on estimating 
influent concentrations and can be seen in Table 27. The calculation developed in Chapter 4 to 
estimate influent concentrations was amended to evaluate estrogen population loads and used to 
determine concentrations and loads of steroid estrogens at site specific STW influents. The 
amended calculation can be seen below in Equation 10. 
 
Equation 10 Calculation for Estimating Steroid Estrogen Influent Concentrations 
𝐼𝑛𝑓𝑙𝑢𝑒𝑛𝑡 =
 𝐷𝑃𝐸 ∗ 𝐷𝐸𝐶𝐶 
𝐴𝐷𝐹
 (10)
 
 
Influent: STW influent concentration (of a micropollutant) – ng L-1 
DPE: Domestic Population Equivalent (water company data)  
DECC: Domestic Emerging Contaminant Load (literature data) – ng/person/day 
ADF: Average Daily Flow (water company data) – l Day-1 
 
 Estimating the effluent concentrations and loads of steroid estrogens was achieved using 
the methodology set out in Chapter 5. The literature review in section 6.1.12 was carried out to 
assess the physicochemical properties of the compounds and their fate during conventional 
wastewater treatment. The literature removal rates were separated into the three treatment 
processes and the median removal value taken for each process for each steroid estrogen, the 
median values were selected over the mean values to reduce the effect of outliers and have been 
summarised below in Table 29. In the absence of data for removal during primary sedimentation 
E1 and EE2 were attributed values of 50%.  
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Table 29 Mean Literature Removal Rates for Steroid Estrogens  
Steroid Estrogen  Primary (%) 
Primary +  
Trickling Filter (%) 
Primary +  
Activate Sludge 
(%) 
Estrone (E1) 50 49 81 
Estradiol (E2) 21 80 94 
Ethinylestradiol (EE2)   50 64 83 
 
 The median literature removal rates and the BOD and TSS „Correction Factors‟ (described 
in Chapter 5, section 5.2) were used to estimate site specific STW removal rates. The operational 
efficiency determined by the „Correction Factor‟ for each STW was tailored to the removal rates of 
each compound. Steroid estrogens are predominantly governed by biodegradation and adsorption 
removal mechanisms as explained in section 6.1.1.2, and BOD and TSS „Correction Factors‟ were 
used to reflect biodegradation and adsorption mechanisms respectively. Table 30 sets out the 
percentage ratios of removal for each steroid estrogen for the two mechanisms. 
 
Table 30 Percentage Removal Rate Ratios for Steroid Estrogens 
Steroid Estrogen Percentage Removal Rate Ratios (%) 
 TSS BOD 
Estrone (E1) 50 50 
Estradiol (E2) 50 50 
Ethinylestradiol (EE2) 75 25 
 
 Once the final removal rate ratio was established for each estrogen, the final site specific 
STW removal rate for each compound was established and the effluent concentrations estimated 
using the calculations developed in Chapter 5 (Equations 6 & 7).  
Chapter 6: Assessing the Need for Tertiary Treatment to Remove 
Emerging Contaminants: Using Steroid Estrogens as a Case Study 
147 
 
 Accuracy analysis for the steroid estrogen influent or effluent calculations could not be 
carried out for the site specific STWs assessed in this thesis due to the lack of monitoring data 
available for these compounds. Therefore the results will be compared to influent and effluent data 
from published studies in the results (section 6.3). 
 
6.3 Results 
6.3.1 Estimated Influent Results 
 The estimated influent concentrations and loads presented in Table 31 below show the 
mean, standard deviation, maximum and minimum of steroid estrogens for the 562 STWs. The 
mean values indicate that the highest mean influent concentration and widest variation from the 
mean (standard deviation) of the three estrogens was E1 with 88 ng L
-1
, followed by E2 (21 ng L
-1
), 
and EE2 (6 ng L
-1
). It can also be seen that E1 has the highest maximum concentrations of the three 
estrogens with 25,585ng L
-1
, followed by E2 (6,118 ng L
-1
), and EE2 (1,650 ng L
-1
). The minimum 
values for all steroid estrogens were zero. It was expected that the steroid estrogens would be 
observed in influent in this order (E1>E2>EE2) due to the excretion rates of these compounds in 
human waste. E1 is the more abundant estrogen because it is produced in the human body in the 
highest concentrations, followed by E2, which can also be converted into E1 in the body. EE2 is a 
synthetic hormone and low doses are prescribed for birth control, it is also only taken by a small 
percentage of the population; and therefore is found in much lower concentrations in STWs 
influent.  
 
 The mean estimated influent concentrations in Table 31 were also compared to influent 
concentrations observed in published studies. In general the average estimated concentrations were 
in good agreement with the concentrations observed in estrogen influent studies. The average E1 
concentrations were well within the reported concentrations entering STWs (<0.5 – 140 ng L-1), the 
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mean estimated concentrations of E2 were also within the reported influent concentrations (<0.5 – 
50 ng L
-1
), and finally the average EE2 concentrations were within the observed EE2 influent 
concentrations (0.5 – 10 ng L-1). (Baronti., 2000,  Butwell et al., 2002, Johnson et al., 2000, Rogers 
et al., 2000). However, none of the steroid estrogen maximum concentrations were found in such 
high concentrations in published literature, suggesting that the calculated estimated influent 
concentrations at some STWs were overestimated. 
 
 The percentage of STWs above the mean shown in Table 31 indicates those STWs that will 
be most vulnerable to receiving high steroid estrogen loads. The results suggest that an average of 
12% of STWs were above the mean load for each estrogen, thus indicating that the majority of 
STWs (88%) were at or below the mean load. The STWs above the mean load were predominantly 
made up of STWs with a population equivalent >50,000, suggesting that STWs with larger 
populations experience higher loads of steroid estrogens. 
 
Table 31 Mean, Minimum, and Maximum Influent Levels for Steroid Estrogens 
Steroid Estrogens ng L
-1
 mg Day
-1
 % of 
STWs 
above the 
mean 
 Mean  St Dev Max Min 
Mean 
 Estrone  (E1) 87.5 1076.6 25,585.2 0.0 87.7 12% 
 Estradiol  (E2) 20.9 257.5 6,118.2 0.0 20.9 12% 
 Ethinylestradiol  (EE2) 5.6 69.4 1,650.1 0.0 5.7 12% 
 
 The results in Figure 14 below demonstrate how the estimated influent loads varied 
according to sewage treatment processes. It can be seen that the STWs with secondary activated 
sludge receive the highest concentrations of estrogens in the influent, followed by secondary 
trickling filters, and primary sedimentation. The results confirm the findings presented in Table 31 
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as they indicate that E1 consistently has the highest loads in all the treatment process influents, 
with the highest mean load observed in activated sludge influents (220 mg Day
-1
).These results 
reflect the domestic population which is served by a STW. Of the 562 STWs assessed in this study, 
28% of the works are activated sludge plants, and the average population being served by these 
works is 15,904. In contrast 62% of the works are trickling filter plants, and the average population 
being served by these works is 2,948. Finally, primary sedimentation makes up 10% of the works 
and only a domestic population of 1,180 is served by these works. It can therefore be seen that 
those STWs with the highest population equivalent are served by activated sludge plants which is 
why they receive the highest influent loads. 
 
 
Figure 14 Steroid Estrogen Influent Loads According to Sewage Treatment Process 
 
6.3.2 Estimated Effluent Results 
 The estimated effluent results in Table 32 below display the mean, standard deviation, 
maximum and minimum concentrations and loads for steroid estrogens in effluent. Firstly, it can be 
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seen that all the compounds show a notable reduction in concentration from the influent values. 
The mean and maximum values indicate that E1 remains the estrogen with highest mean 
concentrations in effluent with 27 ng L
-1
, and 4,558 ng L
-1
 respectively, followed by E2 (3 ng L
-1
, 
and 308 ng L
-1
 respectively), and EE2 (1 ng L
-1
, and 267 ng L
-1
 respectively). The standard 
deviations around the mean were also notably lower than the influent values suggesting that the 
variation in STW concentration has been reduced. Finally, the minimum values were zero for all 
three compounds. The order of estrogen concentrations in wastewater effluent was found to be the 
same as influent (E1>E2>EE2), and can be predominantly attributed to removal rates. E1 has been 
observed in literature to be more poorly removed from secondary treatment than E2 (Anderson et 
al., 2003). This finding was consistent with Servos et al. (2005) who discussed the biodegradation 
of E2 to E1 during wastewater treatment. This would result in the effluent concentrations of E1 
being higher than E2 because E2 is metabolised into E1 during removal. In addition E1 is also 
known to be more persistent, and is excreted in higher concentrations in human waste and therefore 
E1 would be expected to be found in higher concentrations in effluent. EE2 displays moderate 
removal during secondary treatment, but because the concentrations in influent are much lower 
than the natural estrogens, the concentrations in effluent remains low. 
 
 The mean estimated effluent concentrations in Table 32 were also compared to effluent 
concentrations observed in published studies. In general the average estimated concentrations were 
in good agreement with the concentrations observed in estrogen effluent studies. The average E1 
concentrations were slightly higher than the reported concentrations being discharged from STWs 
(5 – 20 ng L-1), the mean estimated concentrations of E2 were within the reported effluent 
concentrations (1 – 10 ng L-1), and finally the average EE2 concentrations were within the observed 
EE2 effluent concentrations (0.2 – 10 ng L-1). (Anderson et al., 2003, Baronti., 2000, Johnson et al., 
2000, Rogers et al., 2000). However, none of the steroid estrogen maximum concentrations were 
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found in such high concentrations in published literature, suggesting that the calculated estimated 
effluent concentrations at some STWs could be overestimated. 
 
 The percentage of STWs above the mean shown in Table 32 indicates a percentage 
increase from influent of one and two percent. The increase to 13% and 14% of STWs show an 
increase in the number of STWs from 67 to 72. The STWs above the mean load were 
predominantly made up of STWs with a population equivalent >50,000, suggesting that STWs with 
larger populations experience higher loads of steroid estrogens. The increase in STWs above the 
mean can be attributed to the poor removal of estrogens which has affected STW effluent loads. 
 
Table 32 Mean, Minimum, and Maximum Effluent Levels for Steroid Estrogens 
Steroid Estrogens ng L
-1
 mg Day
-1
 % of 
STWs 
above the 
mean 
 Mean St Dev Max Min 
Mean 
Estrone (E1) 26.5 191.7 4,558.0 0.0 25.2 14% 
Estradiol (E2) 3.0 13.1 308.1 0.0 2.4 14% 
Ethinylestradiol (EE2) 1.4 11.2 266.6 0.0 1.3 13% 
 
 The results in Figure 15 below demonstrate how the estimated effluent loads vary 
according to sewage treatment processes. The STWs with secondary activated sludge again have 
the highest loads of estrogens in the discharged effluent. The results also show that E1 is again the 
estrogen with the highest loads for all treatment processes, with a mean load of 25 mg Day
-1
. This 
pattern is reflected in the influent results and indicates that those STWs with the highest population 
equivalent are served by activated sludge plants which are why they discharge the highest effluent 
loads. 
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Figure 15 Steroid Estrogen Effluent Loads According to Sewage Treatment Process 
 
6.4 Discussion 
 Steroid estrogens have been identified as the most likely group of emerging contaminants 
for which future regulatory targets will be set. In general, influent and effluent concentrations were 
in agreement with steroid estrogen concentrations observed in published literature. However, 
maximum concentrations were higher than any observed concentrations found in literature which 
suggested that the calculations used for estimating influent and effluent may overestimate 
concentrations for some STWs. 
 
 The results indicated that E1 was found in the highest concentrations and loads for both 
influent and effluent, this was followed by E2 and EE2.  The influent results were attributed to the 
high production of E1 in the human body, compared to lower production of E2, which can also be 
converted into E1 in the body (Johnson et al., 2002). In addition EE2 is only consumed by a small 
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proportion of the population and as a result the influent concentrations are relatively small by 
comparison. The effluent results were attributed to the poor removal of E1 which has been 
suggested by Servos et al., (2005) to be a result of several factors. Firstly, the creation of E1 early 
in the treatment process is likely to occur as E2 is rapidly oxidised. This would result in an increase 
in the concentration of E1 in effluent. EE2 was found in the lowest concentrations in effluent due to 
its low concentrations in influent. 
 
 The result also highlighted that activated sludge plants experienced the highest influent and 
effluent loads out of the three treatment types. This was considered to be a direct result of the high 
populations that are served by activated sludge plants compared to trickling filters and primary 
sedimentation and would result in high loads in and out of the works. Finally, the results indicated 
the 12% - 14% of STWs had loads over the mean for all steroid estrogens suggesting that these 
compounds could be of concern for a number of STWs. 
 
 The limitations of the calculations used to estimate influent and effluent concentrations 
have been previously discussed in Chapters 4, and 5. In addition, the calculations for influent and 
effluent could not be validated using previously monitored data for the STWs evaluated; therefore 
the accuracy of the calculations was assessed by comparing the mean of the estimated results with 
previously published literature on influent and effluent concentrations, which were in good 
agreement. 
 
6.4.1 Management Options 
 It is expected that further management of a number of STWs will be required to reduce 
effluent concentrations in order to achieve predicted targets. Source control management would not 
be suitable for two of the three steroid estrogens (E1 and E2) due to their natural occurrence, and 
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EE2 which is synthetically produced would not be easily amenable to substitution due to its use as 
a birth control hormone. Although concentrations of EE2 were the lowest of the three estrogens, it 
is regarded as the most estrogenic. Therefore, optimising conventional treatment or using 
additional tertiary treatment technologies should be considered to improve the effectiveness of 
steroid estrogen removal. Butwell et al. (2002) identified four potentially suitable treatment options 
for the effective removal of steroid estrogens. They were: improving biodegradation by optimising 
secondary treatment by either increasing mixed liquor suspended solids
13
 or increasing the aeration 
volume; additional biological treatment such as lagoons, ponds, and sequencing batch reactors; 
chemical oxidation such as ozone; and granular activated carbon (GAC). 
 
 Preliminary results from the NDP have been published on the effectiveness of lagoons as a 
tertiary treatment following trickling filter treatment (Butwell et al., 2008). The overall trends 
observed were that E2 (87% removal) was consistently the most effectively removed estrogen, 
followed by E1 (61% removal), and EE2 (28% removal). This removal pattern was also observed 
in the results in this chapter. For all three steroid estrogens dominant removals occurred during 
secondary treatment suggesting that biodegradation was the dominant removal mechanism. 
However, during the tertiary lagoon treatment estrogen concentrations increased. This may have 
been a result of analytical error, however these findings were also observed in a study carried out 
by Huo and Hickey (2007) on removal rates in tertiary lagoons. This suggests that estrogen levels 
do in fact increase in tertiary lagoons. The increase may be a result of de-conjugation from 
previously conjugated forms. Steroid estrogens are typically excreted from the human body in the 
form of conjugates as discussed earlier; however these conjugates can hydrolyse during the sewage 
treatment process to reform the parent steroid compound. De-conjugation commonly occurs with 
glucuronides (associated with E2) due to the presence of the enzyme β-glucuronidase, a common 
                                                 
13
 Mixed liquor suspended solids is the concentration of suspended solids in a mixture of raw or settled 
wastewater and activated sludge  
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bacteria found in sewage (Ternes et al., 1999). Sulphate de-conjugation (associated with E1) is 
expected to be less frequent as arylsuphatase enzyme is less common in wastewater microbial 
populations (Baronti et al., 2000). The results from this study suggest that both enzymes were 
present in the lagoon as all three estrogens increased in concentration by 1 to 2%. It can therefore 
be concluded from this study that lagoons would be an unsuitable tertiary technology for the 
removal of steroid estrogens. 
 
 The remaining four potentially suitable treatment options as discussed by Butwell et al. 
(2002) have been investigated in a number of studies and shown to improve estrogen removal (Huo 
& Hickey, 2007, Johnson et al., 2005, Lee et al., 2008). The least investigated treatment option of 
the reaming four technologies according to Butwell et al. (2002) was found to be GAC, and as a 
result it was concluded that this technology should be investigated further for its potential to 
remove estrogens from wastewater. The results from the bench scale laboratory study for GAC can 
be found in part (b) of this chapter. 
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6.5 Part (b): Assessing Tertiary Treatment for the Removal of Steroid Estrogens 
 Aquatic pollution from EDCs as discussed in part (a) is now regarded as a major problem 
within the UK, resulting in the water industry and regulatory bodies setting up the NDP to evaluate 
technologies to remove these compounds from wastewater. The technology that has been identified 
as one of the most appropriate treatments for steroid estrogens and has therefore been put forward 
for further research by the NDP is granular activated carbon (GAC). There are numerous types of 
organic carbon used for removing pollutants in water such as, coal, wood, bone, and coconut husks 
(Choi et al., 2005). All vary in cost and adsorption ability. However, they all work on the principle 
of adsorption, which is governed by intraparticle mass transfer that takes place through both porous 
and surface diffusion.  
 
 In the advent of employing GAC as a tertiary wastewater treatment, it was felt that 
comparing the removal efficiency of a cheaper reactivated carbon (C401) with a commonly used 
virgin carbon (F400) would be advantageous. The main distinction between virgin (F400) and 
reactivated (C401) carbon is the activation process. Virgin carbon is activated by placing the 
charcoal in a furnace at 900–1000oC, which increases the internal surface area from around 10 m2 g-
1 
to up to 1200 m
2
 g
-1 
(Envirowise, 2007). This enables the adsorption of organic compounds to be 
much more efficient due to the creation of an intricate microporous structure with a large internal 
surface area (Chemviron, 2007). However, the surface area of carbon is affected by reactivation; 
when the carbon is reheated the smaller micropores tend to be destroyed, resulting in the 
predominance of mesopores and smaller surface area (Moore et al., 2001). 
 
Estrogens are known to have moderate adsorption potential in wastewater, which can be 
demonstrated by their octanol/water coefficient (Log Kow) (Figure 13, section 6a.2). The more 
hydrophobic the compound, the higher the Log Kow value, and the more readily it sorbs onto a solid 
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surface (Suzuki, 1997). Previous estrogen adsorption isotherm studies using GAC carbon F400 
have all shown good adsorption capacities, demonstrating that steroid estrogens are effectively 
removed by this particular activated carbon (Ifelebuegu et al., 2006, Zhang and Zhou, 2005, 
Fuerhacker et al., 2001). 
 
 This section of this chapter focused on rapid small scale column tests (RSSCT) to provide 
a „first-look‟ comparison of steroid estrogen removal efficiencies from F400 and C401 for the 
potential use within wastewater plants. The aims of research were to assess the ability of GAC to 
remove estrogens from wastewater; to determine if reactivated carbon C401 could be a viable 
alternative to virgin carbon F400; and to assess the effect that concentration and bed volume have 
on the removal of estrogens.  
 
6.6 Materials and Methods 
6.6.1 Activated Carbon 
 Both activated carbons used in these experiments were supplied by Chemviron Carbon, 
UK, and their physical properties can be seen in Table 33. Filtrasorb
®
 400 (F400) is an 
agglomerated bituminous coal based carbon produced by steam activation and is predominantly 
used for drinking water applications. It has a large surface area, high adsorption capacity, and has a 
high number of transport pores, thus giving it a greater affinity for micropollutants. Cyclecarb 401 
(C401) is a new high performance reactivated agglomerated coal based carbon and is used for 
various applications such as industrial and wastewater treatment. Due to the reactivation process it 
has a lower surface area, and smaller adsorption capacity, with a slightly alkaline surface charge. 
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Table 33 Characteristics of Virgin and Reactivated Carbon (Chemviron, 2007) 
Properties Virgin carbon: F400 Reactivated carbon: C401 
Iodine number (mg g
-1
) 1100 900 
Mean particle diameter (mm) 1.0 1.1 
Moisture content (%) 4.31 2 
Ash (%) 6.0 7.8 
BET surface area (m
2
 g
-1
) 1174 1046 
Volatile matter (%) 3.5 3.4 
Fixed carbon (%) 96.5 96.6 
pHpzc 6.5 8.4 
 
 Prior to use the GAC was washed several times with distilled water to remove all fine 
impurities. The GAC was then subsequently dried in an oven at 110 °C for 1 day, cooled at room 
temperature for 10 minutes and then stored in a desiccator until use (Solisio et al., 2001). 
 
6.6.2 Steroid Estrogen Standard Preparation 
 The four estrogens were obtained as powdered solids from Sigma, UK. All the solvents 
were HPLC grade obtained from Fisher Scientific, UK.  Stock solutions of each estrogen were 
prepared at concentrations of 100 mg L
-1
 in HPLC grade acetonitrile (ACN). The stock solutions 
were used to make calibration standards of 1, 15, 30, 45, 60, and 75 µg L
-1 
in ACN. The HPLC 
LOD was determined to be 0.05 µg L
-1
. 
 
6.6.3 Wastewater Sampling and Preparation 
 Effluent grab samples were supplied by Yorkshire Water from a secondary biological filter 
works. The wastewater characteristics were analysed by Yorkshire Water, Table 34. Samples were 
collected in 1 L sterilised amber glass bottles on a weekly basis for 3 months. The samples were 
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stored in darkness at 4°C until use. Before samples were loaded into the influent reservoir tank they 
were filtered using 50 µm pore diameter filters to remove large suspended solids to prevent 
blocking of the columns. It was important to maintain the effluent composition in its original state 
to evaluate true removal ability of the carbon, however, due to the small width of the columns 
initial filtering was required, though this would not be necessary for full scale plants.  
 
Table 34 Constituents of Wastewater over Nine Samples (analysis carried out by Yorkshire Water) 
Analysis Median Minimum Maximum 
BOD (mg L
-1
) 162.8 78.5 302.1 
COD (mg L
-1
) 217.3 150.0 431.5 
TSS (mg L
-1
) 195.5 111.0 344.4 
Ammonium (mg L
-1
) 2.4 0.5 14.3 
Total Nitrogen (mg L
-1
) 7.5 2.3 12.2 
Total Phosphorus (mg L
-1
) 2.9 2.5 3.1 
Cadmium Total (µg L
-1
) 0.5 0.1 1.0 
Nickel Total (µg L
-1
) 5.5 5.0 10.4 
Copper Total (µg L
-1
) 21.0 14.0 37.8 
Zinc Total (µg L
-1
) 136.6 53.5 229 
 
6.6.4 Rapid Small Scale Column Tests 
 RSSCT were selected over batch experiments to provide guidance for the operation and 
design of a future pilot study where flow rate and gravity influence adsorption rates. Due to the 
very small concentrations of steroid estrogens a small bed volume (8.3 cm
3
 per column, with a 
column diameter of 1.5 cm and a bed depth of 4.7 cm, Table 35) was used to establish minimum 
GAC bed volume for maximum removal efficiency. Experiments were carried out using spiked 
distilled water at three concentrations: low (10 µg L
-1
), medium (25 µg L
-1
) and high (50 µg L
-1
). A 
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total of 3 experiments were carried out at each concentration. After the spiked distilled water 
experiments were complete, the GAC was replaced for the spiked wastewater experiments. 
 
Table 35 GAC Experimental Parameters  
Parameters Value for each column 
Number of columns 3 
Column height (cm) 30 
Column diameter  (cm) 1.5 
Bed depth  (cm) 4.7 
Bed volume (cm
3
) 8.3 
Adsorbent mass (g) 2.0 
Pump Speed  (rpm) 6.0 
Flow rate  (mL min
-1
) 39 
Mass of GAC  (g) 2 
EBCT  (min) 0.21  
 
 The experimental set-up was designed to be similar to that used in Cyr et al. (2002), Figure 
16. Initially each GAC bed volume was set at approximately 94.2 cm
3
, with four columns in series 
and a sample point after each column. However, estrogen concentrations after recovery were not 
detected in any of the four samples, because the total removal of estrogens in the first column 
resulted in no further detection of estrogens downstream. The following experiment was designed 
to reduce the amount of GAC in order to achieve a gradual removal of estrogens. The experiment 
was seen to be complete when >95% removal efficiency was achieved for spiked distilled water. 
Percentage removal of estrogens were categorised using the following divisions; low removal 
<50%, moderate removal 50 – 75%, high removal >75%. 
 
Chapter 6: Assessing the Need for Tertiary Treatment to Remove 
Emerging Contaminants: Using Steroid Estrogens as a Case Study 
161 
 
 
Figure 16 Schematic of Experimental Set-Up (adapted from Cyr et al., 2002) 
 
 Parameters for the GAC experiment can be seen in Table 35. At the start of each 
experiment, distilled water (or wastewater) was passed through all three columns at a flow rate of 
39 mL min
-1
 for ten minutes before a blank sample was collected from the reservoir, to ensure no 
foreign contaminants were in the columns. The glass influent reservoir tank (10 L) was then 
charged with distilled water (or wastewater) spiked with the estrogens. A Watson-Marlow 505S 
peristaltic pump was used to pump (6 rpm) the influent through three identical glass columns (with 
a height of 30 cm, and a diameter of 1.5 cm) in series at a flow rate of 39 mL min
-1
, each with an 
EBCT of 0.21 minutes and a GAC bed volume of 8.3 cm
3
. One L sample was taken from the 
reservoir before experimental start-up to determine initial estrogen concentration of the influent. 
Each column was filled with a GAC mass of 2g and the sample collection from the first, second 
and third column represented a bed volume of approximately 8.3, 16.6, and 24.9 cm
3
 respectively. 
After the experiment was complete un-spiked distilled water (or wastewater) was passed through 
the three columns for ten minutes a flow rate of 39 mL min
-1
  before a final blank sample was taken 
to ensure desorption of estrogens had not occurred. One L Duran
®
 clear glass bottles were used to 
collect each sample which took 25 minutes to complete. Before the start of the experiment the 
GAC was soaked for 24 hours in distilled water, followed by distilled water being pumped in an 
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up-flow direction in each column to remove any trapped air from the GAC beds. The experiments 
were carried out at room temperature.  
 
6.6.5 Analysis 
Solid phase extraction (SPE) was carried out following Gomes et al‟s (2005) method 
before loading samples into the HPLC. Disposable Isolute
®
 C18 cartridges, which have a reservoir 
volume of 3 mL, were used for the extraction. Each cartridge contained 500 mg of non endcapped 
sorbent that was manufactured using a trifunctional silane (Argonaut Technologies). A Waters™ 
Sep-Pak Vacuum Manifold was connected to a vacuum pump and used to draw solvents and 
samples through the cartridges. Samples were drawn from 1 L Duran
®
 bottles. Prior to the loading 
of the sample, Isolute
®
 C18 cartridges were conditioned with 5 mL of methanol followed by 5 mL 
of ultrapure water. The 1 L aqueous samples were extracted immediately after sample collection 
was complete (25 minute collection), they were then loaded in series over 2.5 hours at a vacuum 
pressure of 23 – 27 kPa. The cartridge was then washed with 1 mL of ultrapure water and dried for 
1 hour under vacuum. Elution was carried out using 2 mL of ACN: H2O (7:3). The eluate was 
blown to dryness with nitrogen and then reconstituted with 1 mL of ACN prior to analysis by 
HPLC. Gomes et al. (2005) and Filali-Meknassi et al. (2007) have previously reported good 
recoveries of estrogens using this method; 82–100% and 83-118% respectively. SPE recoveries 
were calculated by comparing the extract concentration to the actual concentration of the sample. 
 
 The HPLC analysis of samples was undertaken by a Perkin-Elmer Series 200 HPLC. 
Organic and aqueous mobile phases were delivered to the column at an overall flow rate of 1 mL 
min
-1
 using one Perkin-Elmer Series 200 LC pump. All samples were made up in 1 mL of ACN 
and were injected using a Perkin-Elmer Series 200 auto sampler with an injection volume set at 10 
µl. Liquid chromatographic separation was achieved using a Kromasil 100-5C18 column (250 x 
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4.6mm, 5µm), a reversed phase column with a pore size of 100Ǻ and a specific surface area of 330 
m
2
 g
-1 
(Kromasil). Detection was carried out using a Perkin-Elmer Series 200 diode array 
ultraviolet detector with the detection wavelength at 220 nm. The mobile phase consisted of 
ultrapure water (Solvent A), and HPLC grade ACN was used as the organic mobile phase (Solvent 
B) at a ratio of 60:40. ACN was vacuum filtered through a Durapore® 0.22 µm GV membrane 
filters (Millipore, UK) prior to use with the HPLC system.  
 
6.7 Results  
 The RSSCT was designed to evaluate the performance of virgin and reactivated carbon 
using spiked distilled water and spiked wastewater samples for the removal of steroid estrogens. 
Results are presented in Figure 17 and Figure 18. The removal rates for each column were 
calculated as a percentage of the initial estrogen concentration after recovery in the sample taken 
from the reservoir tank. Each percentage removal has been expressed with their respective standard 
deviations, which have been calculated using three repetitions for each experiment.  
 
 The recovery studies were carried out by spiking distilled water and wastewater at 
concentrations 10, 25 and 50 µg L
-1
. The SPE experiments (as described in the methodology, 
analysis section) were carried out three times at each concentration. Quantitative recoveries were 
obtained for all estrogens and ranged from 72 – 82% with a maximum standard deviation of 6.9%. 
These values compare favourably with recoveries using alternative methods to extract estrogens 
from aqueous matrices and  (Lopez de Alda et al., 2001, Kvanli et al., 2008).  
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6.7.1 Distilled Water Experiment: Data Analysis 
 The GAC experimental protocol, as described in the methodology, was carried out using 
spiked distilled water, with three experiments performed at each concentration. Removal 
efficiencies for each column were calculated as a percentage of the initial estrogen concentration 
from the sample taken from the reservoir tank. All estrogen concentration values (expressed as 
percentage removal) used for the calculation were after recovery, and when no estrogen was 
detected in a sample, the limit of quantification (LOQ); 0.1 µg L
-1 
was used. 
 
 The average removal efficiencies after each column, per concentration, are presented in 
Figure 17. No peaks were detected in the blank samples taken before and after the experiment, 
indicating that no foreign contaminants were present in the columns and desorption of estrogens 
had not occurred. It can be seem from Figure 17, that the removal efficiencies from spiked distilled 
water for F400 and C401 indicate both carbons were capable of ≥95 % removal for all four 
estrogens at a total bed volume of 24.9 cm
3
. At 8.3 cm
3
 bed volume, F400 and C401 achieved 
moderate to high removal of all estrogens with 59 - 80% and 56 - 80% respectively. F400 and 
C401 both performed efficiently with a bed volume of 16.6 cm
3
,
 
achieving 90 - 97%, and 84 - 97% 
removal of all estrogens respectively. At a bed volume of 24.9 cm
3
, F400 achieved 97 - 99% 
removal and C401 achieved 96 -99% removal of all estrogens.  
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Figure 17 E1, E2, E3 & EE2 Removal Efficiencies for F400 and C401 from Spiked Distilled Water 
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 F400 removal efficiencies were similar for all four steroid estrogens, with no significant 
differences demonstrated. No compound was preferentially removed at any of the three 
concentrations; however removal of E3 at concentration 10µg L
-1 
displayed an elevated removal 
efficiency of 80% at 8.3 cm
3 
bed volume. C401 also displayed similar removal efficiencies for all 
four steroid estrogens throughout the experiment. 
 
 The data sets were normally distributed which meant that the most appropriate statistical 
analysis for the data were paired two-tail T-Tests and ANOVA tests. The statistical analysis using 
paired two-tail T-Test, with a confidence level of P = 0.05, revealed that there was no significant 
difference between the removal efficiencies of the two carbons during the distilled water 
experiment; they performed equally as efficiently. The two-factor ANOVA analysis carried out on 
both F400 and C401 for concentration and bed volume indicated that there was also no statistical 
relationship between estrogen removal efficiencies and concentration variations. However, there 
was a significant relationship between bed volume and removal efficiency for all four estrogens (P 
values for F400 ≥ 0.001 for all estrogens and C401 ≥ 0.013 for all estrogens), demonstrating that an 
increased bed volume resulted in an increase in estrogen removal. A one factor ANOVA analysis 
was also carried out to establish if removal efficiencies varied between the four estrogen 
compounds. P values for F400 and C401 were 0.92 and 0.84 respectively, suggesting that there was 
no significant difference between the rates of removal of the four estrogens.  
 
6.7.2 Wastewater Experiment: Data Analysis 
The wastewater GAC experimental protocol was carried out in the same manner as the 
distilled water setup. The removal efficiencies for spiked wastewater indicated that F400 was able 
to achieve moderate levels of removal for all estrogens ≥65%, whereas C401 was able to achieve 
high removals for all estrogens ≥81% (Figure 18). Comparatively, final removal efficiencies from 
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wastewater, specifically removal from F400, was not as good as those achieved by distilled water 
(≥95%), to attain these removal values a bed volume higher than 24.9 cm3 would be required. 
Although the RSSCT setup was not altered for the wastewater experiments due to the comparative 
nature of the study, a number of wastewater experiments were run with an additional column with a 
GAC bed volume of 8.3 cm
3
 (total of four columns). The initial results indicated that a bed volume 
of 33.2 cm
3 
would be sufficient for both carbons to achieve the desired removal (96 - 98%) for all 
estrogens. 
 
The results in Figure 18 demonstrate that C401 was predominantly more effective at 
removing E1, E2, E3, and EE2 than F400. This was confirmed by the paired two-tail T-Test which 
showed that there was a statistically significant difference in removal performance between F400 
and C401 for all four estrogens. The most significant difference was seen for EE2 and E3, with P 
values of 0.0007 and 0.00008 respectively. The two-factor ANOVA analysis carried out for 
concentration and bed volume showed a similar pattern to the distilled water experiments. 
Concentration showed no significant relationship with the removal of estrogens, whereas bed 
volume was established to be a significant factor in the removal of estrogens (P values for F400 ≥ 
0.014 for all estrogens and C401 ≥ 0.026 for all estrogens). The one factor ANOVA test revealed 
that there was no ranking of estrogen removal between the compounds. 
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Figure 18 E1, E2, E3 & EE2 Removal Efficiencies for F400 and C401 from Spiked Wastewater 
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6.8 Discussion 
 From the analysis carried out, both F400 and C401 displayed high removal efficiencies in 
distilled water (≥95% at a bed volume of 24.9 cm3). However, wastewater reduced the capacity of 
both carbons to remove estrogens, and an increase in bed volume of 33.2 cm
3
 would be required to 
achieve ≥95% removal for F400 and C401. The results from the wastewater experiment also 
highlighted a statistically significant difference between the carbons ability to adsorb estrogens.  
 
 It is possible that the reduction in removal efficiency from both carbons in the presence of 
wastewater was due to competitive adsorption from copresent substances, and the variation in 
removal efficiencies between the two carbons was most likely determined by the carbon‟s physical 
properties, i.e. surface area, pore volume, pore size distribution, and surface charge. Reduced 
removal capacity from wastewater was expected and has been widely observed in previous studies, 
where the efficacy of the activated carbon was greatly reduced by the presence of natural organic 
matter (NOM) within wastewater (Newcombe et al., 1997, Snyder, 2007, Zhang and Zhou, 2005). 
The decrease in adsorption efficacy is considered to be a result of binding sites being taken up by 
organic matter, thus reducing the number of available sites for the adsorption of estrogens.  
 
 The difference in adsorption capabilities of the two carbons in wastewater was an 
interesting and unexpected observation. The physical properties provided by Chemviron suggest 
that because F400 has a larger surface area (determined by Brunauer, Emmet and Teller (BET) 
adsorption model), and higher adsorption capacity (illustrated by the iodine number; which reflects 
the small pore volume, and the carbons ability to adsorb small molecular contaminants) it would be 
expected to be more efficient at removing estrogens. However, the results demonstrated that C401 
consistently displayed improved removal efficiencies during the wastewater experiment, despite its 
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smaller surface area, adsorption capacity, and higher ash content which is indicative of inorganic 
contamination.  
 
 Although further research needs to be conducted on the pore sizes of these carbons, it could 
be possible that a certain type of competitive adsorption was taking place in F400, resulting in an 
overall reduction in estrogen removal compared to C401. The two main mechanisms in competitive 
adsorption can been categorised as: pore blockage; and direct competition. If the pores are large 
enough to admit the micropollutant but not large enough to admit NOM, then pore blockage will 
occur, however, if the pores are large enough to admit both NOM and the micropollutant, then 
direct competition will occur. Data presented by Pelenkani (2001) showed that pore blockage by 
NOM, as a result of size exclusion, reduced the micropollutant capacity more than direct 
competition between NOM and the micropollutant. It is possible that carbon F400 experienced size 
exclusion during the wastewater experiment due to its larger surface area and higher adsorption 
capacity and C401 experienced direct competition due to both its smaller surface area and 
adsorption capacity (Table 33). 
  
 Another important GAC adsorption indicator is surface chemistry. Karanfil and Kilduff 
(1999) suggest that carbon surface acidity plays a major role in the adsorption of hydrophobic 
compounds by GAC. They noted that the acidic functional groups exist near the edges of hexagonal 
carbon layers, which form water clusters on the surface as well as at the entry of the micropores, 
where the significant surface area for adsorption is located. These clusters, therefore, may prevent 
interactions of low-molecular weight hydrophobic organic compounds with the carbon surface and 
reduce adsorption uptake. They concluded that increasing surface acidity increases the polarity of 
the surface and reduces adsorption of hydrophobic organic compounds by GAC (Karanfil and 
Kilduff, 1999). When comparing the pHpzc (the point of zero charge of a GAC) of the two carbons, 
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Table 33, F400 was more acidic than the alkaline C401, which although not a significant factor 
during the distilled water experiment, may have resulted in a reduction in adsorption efficacy in the 
presence of NOM, where competitive adsorption was already reducing binding sites. However the 
pH of the effluent from the two GACs was not measured so it is difficult to conclude that such a 
mechanism was taking place. 
 
 It is also important to consider the structure and physicochemical properties of estrogens, 
as seen in Figure 13 to understand the factors affecting adsorption. All four compounds contain a 
phenolic ring which is crucial for high affinity binding (Jiang, 2005). The experimental distilled 
and wastewater data does not show any preferential removal between the compounds, indicating 
that steroid estrogens have similar adsorptive capacities; this is most likely due to the similarity 
between the structures and hydrophobicity of the compounds. 
 
 Due to the wide range of activated carbons available on the market, there is a real 
challenge for the water industry to select the most economical adsorbent for a given water quality 
problem. The objective of this section therefore, was to provide a comparative analysis on a carbon 
widely used for drinking water (F400) with an unknown economically competitive reactivated 
carbon (C401) for the removal of steroid estrogens from wastewater. The overall results suggest 
that C401 reactivated carbon could be more suitable than F400 for the removal of steroid estrogens 
in wastewater.  
 
 The advantages of thermally reactivated carbon over virgin carbon are numerous; it 
predominantly offers the reuse of a valuable resource whilst eliminating waste and expensive 
landfilling, it is also cheaper to reactivate than to replace carbon once breakthrough has occurred. 
However, reactivating GAC still requires significant amounts of energy, which may lead to an 
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increased environmental burden as Jones et al. (2007) discusses.  Therefore careful consideration 
must be given when evaluating the cost and benefits of implementing such a technology for 
removal of micropollutants in wastewater. 
 
6.9 Conclusion 
 Steroid estrogens have been identified as the most likely group of emerging contaminants 
for which future regulatory targets will be set. In general, influent and effluent concentrations were 
in agreement with steroid estrogen concentrations observed in published literature. However, 
maximum concentrations were higher than any observed concentrations found in literature which 
suggested that the calculations used for estimating influent and effluent could overestimate 
concentrations for some STWs. 
 
 It is expected that further management of STWs will be required to reduce effluent 
concentrations, and as source control is not suitable due to the origin and use of steroid estrogens 
tertiary treatment will be required to control discharges at some STWs. However, as discussed in 
section 6.4, not all tertiary options have been proven to reduce steroid estrogen concentrations as a 
result of deconjugation during wastewater treatment in lagoons. Therefore further research into 
tertiary treatment options is required; one of the suitable options for the removal steroid estrogens 
identified by the NDP was GAC.  
 
 The bench scale study was carried out to assess GAC as an effective tertiary treatment 
found that it was effective for the removal of E1, E2, E3, and EE2 for both virgin and reactivated 
carbons, achieving high removal efficiencies of >95% in distilled water at a total bed volume of 
24.9 cm
3
. For wastewater, F400 and C401 achieved reduced removal efficiencies of >65% and 
>81% respectively at a total bed volume of 24.9 cm
3
. The wastewater matrix reduced the overall 
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ability of both carbons to remove estrogens; to achieve removal rates of >95% a total bed volume 
of 33.2 cm
3
 would be required.  
 
 It was postulated that the reduction in estrogen removal was associated with the 
competitive adsorption of NOM present in wastewater. It was also hypothesised that the varied 
removal efficiencies were a result of the carbon‟s different physical properties, which affected 
competitive adsorption. The lower estrogen removal observed in F400 could be attributed to size 
exclusion, whilst C401 was possibly governed by direct competition, a less inhibitory blocking 
mechanism. However, such a hypothesis requires further investigation. 
 
 Surface chemistry, although not considered a major factor in affecting removal of estrogens 
from distilled water, may have hindered the removal efficacy of F400 in the presence of NOM by 
increasing size exclusion due to water clusters binding to acidic functional groups thus blocking 
estrogen access to micropores. 
 
 Finally, the overall results suggest that C401 reactivated carbon could be a suitable 
alternative to F400 for the removal of steroid estrogens in wastewater, a finding that needs to 
be validated through pilot studies under real operational conditions. 
 
7.1 A Risk Based Approach 
The WFD has brought in challenging environmental quality targets for surface water that 
aim to tackle the growing issue of micropollutants from point and diffuse sources. The concern of 
this legislation is that it will focus on discharges from wastewater treatment plants which have been 
identified as significant contributors to surface water pollution. The issue arising from this concern 
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is that the water industry will be heavily targeted with strict discharge consent levels for 
micropollutants that will require significant investment and may result in disproportionate financial 
outlay and indirect environmental costs if appropriate site specific management is not carried out. 
 
 This thesis aimed to develop a methodology to estimate the concentrations and loads of 
micropollutants and emerging contaminants entering STWs and surface waters. The results have 
highlighted that there is a likely environmental concern, and that micropollutants and emerging 
contaminants concentrations will need to be managed at site-specific STW influent and effluents. 
The literature review in Chapter 2 highlighted that wastewater effluents are indeed a significant 
micropollutant source originating from domestic, commercial, industrial and runoff pathways. It 
has also been widely discussed that conventional wastewater treatment may not be adequate to 
achieve the discharge consent targets required under the WFD (Fauser et al., 2003). 
 
  Business decision making often follows the „management pyramid‟ model which splits 
management responsibilities into strategic, tactical, and operational levels Figure 19 . Policy i.e. the 
WFD affects the strategic management level and is usually the decision of the top managers who 
often follow the precautionary principle. It is usually the middle managers who make tactical 
decisions following the top manager‟s strategic decisions that generate procedures. The outputs of 
Chapters 4, 5 and 6 are of use in making these tactical decisions, if used in a risk based approach. 
This chapter therefore aims to critically analyse the data to fully understand the implications and 
risk of site specific micropollutants concentrations in STW effluent in the context of complying 
with the WFD legislative targets. Assessing the risk of micropollutants and emerging contaminant 
concentrations breaching discharge consents in wastewater can be based on the WFD EQSs. A risk 
assessment using the outputs from the estimation models in Chapters 4, 5 and 6 will provide 
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valuable information on the status of STWs without time consuming and expensive monitoring 
programmes.  
 
 
Figure 19 Management Pyramid with External Regulations 
 
 The WFD states that production and emissions of the selected micropollutants must be 
progressively reduced to come into line with surface water EQSs or totally phased out within 20 
years of implementation (Europa, 2006). In order to achieve these standards it is expected that 
STWs will be regulated for their discharges by implementing tighter discharge consent limits. 
EQSs are numerical values that represent a compounds „level of risk‟ by defining the maximum 
concentration that should not be exceeded in surface water in order to protect human health and the 
environment. The method for deriving EQSs is set out in Annex V of the WFD using a procedure 
called COMMPS which involves the testing of the toxicity of micropollutants on aquatic biology. 
COMMPS assumes that ecosystem sensitivity is dependent upon the most sensitive species with 
regard to toxicity and that the protection of the ecosystem structure also better protects community 
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function (Europa, 2006). The „predicted no effect concentration‟ (PNEC) derived for each 
ecosystem can be defined as the concentration below which a specified percentage of species in an 
ecosystem are expected to be protected, and this is where the EQSs are set (EC, 2006).  
 
7.1.1 Establishing Variables for the Risk Assessment  
 In order to understand the concentrations of micropollutants and emerging contaminants 
entering surface water from STWs, data were collected on the dilution factors for receiving water 
bodies at site specific STWs. EQSs for all micropollutants as set out by the WFD were collated and 
can be seen in Table 2. For those micropollutants outside the WFD legislation, where EQSs have 
not been set, predicted no effect concentrations
14
 (PNEC) established by the EA‟s technical report 
were used (EA, 2004).  
 
 The dilution factor is the ratio by which a STW effluent will be diluted in a receiving water 
body, and is dependent on two variables, the first being the size of the STWs and the second being 
the size of the receiving water body (Metcalf & Eddy, 2004). It is this final diluted concentration 
that can be compared against the EQSs set by the WFD. For example if an estimated STW 
discharge effluent for diuron was 1.0 µg L
-1
 and the surface water dilution was 10, the dilution 
factor would be 1:10, i.e. the concentration of diuron would be diluted 10 L and because the EQS 
for diuron is 0.2 µg L
-1
 the STW discharge consent for diuron would be 0.2 µg L
-1
 x 11 L = 2.2 µg 
L
-1
 and therefore the STW effluent would be below the discharge consent. It should be noted that 
the effluent calculated in this risk assessment is not including micropollutant contribution from the 
industrial pathway. 
 
                                                 
14
 The predicted no-effect concentration (PNEC) is the concentration below which exposure to a substance is 
not expected to cause adverse effects. 
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 The dilution factors for the STWs assessed in this study were provided by the water 
company. For those STWs where dilution factors were absent, values were generated by taking the 
STWs with dilution factors, and categorising them using both size of works (determined by the 
population equivalent) and receiving surface water type. The matrix used to determine the dilution 
factors for those STWs without values can be seen in Table 36. 
 
Table 36 Average Dilution Factors by STW Size and Receiving Water 
Size of STWs  
(by population equivalents)  
Drains Streams Medium River Large River / 
Sea 
Less than 10,000 242 1,528 1,993 8,146 
10,000 to 50,000 2 7 9 41 
50,000 to 100,000 NA NA NA 13 
Over 100,000 NA NA NA 10 
 
7.1.1.1 Discharge Consents 
 To understand the level of risk STWs face when discharging micropollutants, site specific 
STW discharge consents had to be established. At present discharge consents for micropollutants 
and emerging compounds have not been set for individual STWs, therefore the discharge consents 
were established by multiplying the EQS of a micropollutant by the site specific STW dilution 
factor. For example, cadmium‟s EQS is 0.08 µg L-1, which is multiplied by the dilution factor for 
STWi (10,000 – 50,000 population entering a stream), which is 7, the discharge consent for 
cadmium at STWi would therefore be 0.56 µg L
-1
. This method proposes a generous discharge 
consent as it assumes that the STW can discharge effluent as high as the EQS limit. In addition the 
calculated effluent concentrations do not include industrial pathway contributions to STWs (as this 
is consented separately) making the EQS limit even more generous. In reality the competent 
authority may decide that half the EQS or even a quarter of the EQS should be used to set the 
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discharge consent depending on what other sources of surface water pollution are entering the 
water body. However, for the first risk assessment it was thought that using the EQS would provide 
an interesting assessment to determine the level of risk at the highest possible discharge consent. 
 
7.1.2 Determining Discharge Consent Risk 
 In order to evaluate the risk of each STW breaching its discharge consent the difference 
between the discharge consent of a micropollutant and the estimated effluent concentration was 
calculated. However, the wide range of values between STWs (due to the range in dilution factors 
and estimated effluent concentrations) made it difficult to rank the risk in a methodical way and so 
the final value was divided by the discharge consent in order to provide a risk range that could be 
easily compared. This can be seen in Equation 11. 
 
Equation 11 Estimating STW Discharge Consent Risk 
𝐷𝐶𝑅𝑖𝑗 =
𝐷𝐶𝑖𝑗 −  𝐸𝐶𝑖𝑗
𝐷𝐶𝑖𝑗
   (11)   
 
𝑫𝑪𝑹𝒊𝒋 = Discharge consent risk for STW ′𝑖
′  and micropollutant ′𝑗′ 
𝑫𝑪𝒊𝒋 = Discharge consent for STW ′𝑖
′  and micropollutant ′𝑗′ 
𝑫𝑪𝒊𝒋 = 𝐸𝑄𝑆𝑗  ×  𝐷𝐹𝑖  
𝑬𝑸𝑺𝒋 = Environmental quality standard for micropollutant ′𝑗′ 
𝑬𝑪𝒊𝒋 = Estimated effluent concentration for STW 𝑖
′𝑎𝑛𝑑 micropollutant ′𝑗′ 
𝑫𝑭𝒊 = Dilution factor for  STW ′𝑖′ 
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 By dividing the equation by 𝐷𝐶𝑖𝑗  the maximum upper limit of risk was +1. For example 
when 𝐸𝐶𝑖𝑗  is zero (i.e. no risk) the equation is at its upper limit of +1. However, when 𝐸𝐶𝑖𝑗  is much 
greater than 𝐷𝐶𝑖𝑗  (i.e. there is a level of risk) the equation generates large negative values. This was 
not ideal as direct comparisons between works would be difficult without a limit for the level of 
high risk, therefore it was decided that a lower limit of -1 for the highest risk was required. This 
was achieved by replacing the denominator in Equation 11 by selecting the maximum value 
between 𝐷𝐶𝑖𝑗  and 𝐸𝐶𝑖𝑗 . This can be seen in Equation 12 and is graphically represented in Figure 
20. 
 
Equation 12 Estimating STW Effluent Discharge Risk with Upper and Lower Risk Range  
𝐷𝐶𝑅𝑖𝑗 =
𝐷𝐶𝑖𝑗 −  𝐸𝐶𝑖𝑗
max  𝐷𝐶𝑖𝑗 , 𝐸𝐶𝑖𝑗  
     (12) 
 
 
Figure 20 Upper and Lower Risk Ranges using Equations 11 & 12 
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 Equation 12 was used to generate the risk for all micropollutants breaching their discharge 
consents at all STWs. The values ranged from -1 to+1 which were categorised into nine levels of 
risk, ranging from 1 to 9, with 1 being the lowest and 9 being the highest risk. Table 37 shows how 
the delineation of the risk categories was achieved. 
 
Table 37 Delineation of Risk and Comparative Risk to Discharge Consent  
Risk Range Risk Value Risk Ratio of effluent to discharge consent 
1 to 0.75 1 Very Low Risk 0 to ¼ 
0.75 to 5 2 Very Low Risk ¼ to ½ 
5 to 0.25 3 Low Risk ½ to ¾ 
0.25 to 0 4 Low Risk ¾ to 1 
0 to -0.333 5 Medium Risk 1 to 1 ½ 
-0.333 to -0.5 6 Medium Risk 1 ½ to 2 
-0.5 to -0.6 7 High Risk 2 to 2 ½ 
-0.6 to -0.666 8 High Risk 2 ½ to 3 
-0.666 to -1 9 Very High Risk 3 to ∞ 
 
7.1.3 Determining Removal Rate Risk  
 Understanding the risk of STWs breaching discharge consents gives an overall 
understanding of risk, however it does not provide an insight into why the STWs would be at risk. 
Assessing the removal rate risk alongside discharge consent risk can provide information on the 
performance of the STWs. Removal rates reflect the ability of STWs to remove micropollutants, 
and when compared to effluent discharge consents a fuller understanding of risk can be achieved. 
The removal rates for all micropollutants from Chapters 2, and 6 were categorised into nine risk 
bands which can be seen in Table 38 below. 
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Table 38 Delineation of STW Removal Rate Risk  
Removal rate range Risk Value Risk 
100% to 90% 1 Very Low Risk 
90% to 80% 2 Very Low Risk 
80% to 75% 3 Low Risk 
75% to 70% 4 Low Risk 
70% to 65% 5 Medium Risk 
65% to 60% 6 Medium Risk 
60% to 55% 7 High Risk 
55% to 50% 8 High Risk 
50% to 0% 9 Very High Risk 
 
7.2 Risk Assessment for Micropollutants  
 The first section of the risk assessment discusses the risks posed by STW effluents 
breaching discharge consents. There are 562 STWs and 36 micropollutants which mean that there 
are 21,918 scenarios that need to be assessed for risk. The results from the discharge consent risk 
assessment showed that the majority of micropollutants for the 562 STWs assessed were low risk 
with 97% of all micropollutants showing a risk value of 1, and 99% of micropollutants were at or 
below risk value 4 (low risk). The remaining 1% (310 scenarios) (could be considered at risk (≥ 5); 
with 0.5% (165 scenarios) at the highest risk value 9 (i.e. the effluent concentrations were over 
three times that of the discharge consent). 
 
 The 562 STWs were then presented individually and ranked according to their highest risk 
micropollutant. 66% of all STWS had an overall risk value of 1, and a total of 84% were at or 
below risk value 4. The remaining 16% of STWs could be considered at risk (≥ 5), 11% of these 
were ranked at the highest risk value 9. In summary, the majority of micropollutants and STWs 
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were not at risk of breaching their discharge consents; only 0.5% of micropollutants and 11% of 
STWs were at very high risk. 
 
7.2.1 Discharge Consent Risk Assessment: according to STW size 
 Discharge consent risk was then considered according to the size of the STWs, type of 
treatment processes, and type of micropollutant, using the same risk categorisation as above (e.g. 
according to micropollutant risk, or STW risk based on the highest risk micropollutant). The size of 
a STW was measured using its population equivalent (data provided by the water company). The 
STWs were categorised into four different groups: <10,000; 10,000 – 50,000; 50,000 – 100,000; 
and >100,000. The majority of the STWs (91%) fell within the lowest group <10,000, 7% were 
within the 10,000 – 50,000 range, 0.7% were within the 50,000 – 100,000, and 1% of STWs were 
within the largest group population equivalent group >100,000. 
 
 Figure 21 shows the distribution of risk for each STW size category, again it should be 
noted that a STWs‟ risk is ranked according to its highest risk micropollutant (if one micropollutant 
at STWi is at 9 the overall risk will be ranked at 9). It can be seen that in general the smaller the 
STW the higher the probability that micropollutants will be low risk. Figure 21 shows that for the 
510 STWs with a population equivalent of <10,000, 70% of the STWs are at risk value 1, and only 
5% can be considered at risk (≥ 5) with 4.7% of STWs at risk value 9. 41 STWs had a population 
equivalent of 10,000 – 50,000, 17% of the STWs are not at risk, whilst 83% of the STWs are at risk 
(≥ 5), and 73% of STWs are at risk 9. The STWs with a population equivalent of 50,000 to 100,000 
are less in keeping with the overall pattern and show an increase in low risk STWs compared to the 
10,000 – 50,000 range. However, there are only 4 STWs in this category, and only 1 STW is not at 
risk and the remaining three are at risk, with two at risk value 9. For STWs with a population 
equivalent of >100,000 all STWs all seven can be considered at risk and 86% are at risk value 9.  
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 As discussed above 99% of the micropollutants assessed for the 562 STWs were at low 
risk. However, the 310 scenarios (1%) where micropollutants were at high risk were found at 
STWs with larger populations. 
 
 
Figure 21 Risk of STWs Ranked by Size  
 
 This finding is confirmed in Figure 22 which shows the ten STWs with the highest total 
risk (i.e. the sum risk for each of the 36 micropollutants at STWi), and the risk for each STWs has 
been broken down to show the variation in compound risk. Very low risk denotes risk ranges 1 & 
2, low risk denotes 3 & 4, medium risk denoted 5 & 6, high risk denotes 7 & 8, and very high risk 
denotes 9. The top five STWs were from the largest STW size (>100,000), STWs 6 and 7 have 
population equivalents of 50,000 – 100,000 whilst, STWs 8, 9 and 10 have population equivalents 
of 10,000 – 50,000.  
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Figure 22 Top Ten High Risk STWs   
 
 In order to understand STW risk more fully, the STWs were divided into their respective 
treatment processes: primary sedimentation, secondary trickling filter, and secondary activated 
sludge. The majority of the STWs were secondary trickling filter at 62% (348 STWs), secondary 
activated sludge made up 28% (156 STWs) of STWs, and primary sedimentation made up 10% (58 
STWs). Figure 23 illustrates the breakdown of treatment process type against STW size in order to 
understand where the treatment processes are being utilised. For example, it can be seen that 57 of 
the primary sedimentation works are used for smaller populations (<10,000), 325 of the 348 
trickling filter plants are also used for smaller populations (<10,000), and 128 of the 156 activated 
sludge plants are also used for smaller populations (<10,000). It must be noted that of the 562 
STWs assessed, only 52 are ≥ 10,000. What is interesting in Figure 23  is that as the size of the 
STWs increase so does the overall percentage use of activated sludge plants. This is inversely 
proportional to the use of trickling filters; as the size of STWs increase the percentage use of 
trickling filters declines. 
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Figure 23 STWs Ranked by Treatment Process and Size 
 
 Dividing STWs by treatment type and size enabled the risk of each treatment type to be 
assessed (Figure 24). The results indicated that there was little difference between the treatment 
processes when it came to micropollutant risk. The majority of STWs at all three treatment 
processes were low risk with 95% or more of the micropollutants at risk level 1, with primary 
sedimentation appearing to be the least at risk with 97% at risk level 1. The variation between 
process types for STWs at risk (≥ 5), was very small. Primary sedimentation had the lowest 
percentage of micropollutants at risk (0.5%), and secondary activated sludge had the highest 
percentage of STWs at risk with 2 %, however this is largely due to the fact that secondary 
activated sludge treatments are used in larger STWs which have been demonstrated to be more at 
risk. In summary, there was little difference in overall risk between treatment types, however 
activated sludge plants were slightly more at risk than primary sedimentation and trickling filters. 
This can be attributed to the larger population size that activated sludge plants treat as discussed in 
Figure 21 and Figure 23.  
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Figure 24 STW Risk According to Treatment Process  
 
7.2.2 Discharge Consent Risk Assessment: according to micropollutants 
 It was established that STWs serving a larger populations were at a higher risk of 
breaching discharge consents than those STWs serving smaller populations. It was also established 
that activated sludge plants had a slightly higher risk of breaching discharge consents than trickling 
filters and primary sedimentation, primarily due to activated sludge plants serving larger 
populations.  
 
 This section of results focuses on the micropollutants at those high risk STWs that are 
likely to breach discharge consents. To assess micropollutant risk the compounds were categorised 
into their chemical groups; the two largest micropollutant categories (in terms of number of 
micropollutants analysed) were pesticides at 31% of all micropollutants and industrial chemicals at 
31%, followed by heavy metals and PAHs both at 11%, and surfactants and flame retardants both 
at 8%. 
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 Figure 25 presents the percentage breakdown of each chemical group for each risk 
category. In general pesticides and industrial chemicals dominate the very low risk category (1). As 
the risk category increases the percentage proportion of surfactants and flame retardants increases 
whilst pesticides and industrial chemical decrease, with the exception of risk level 8, which is only 
made up of 15 scenarios, 4 of which are made up of industrial chemicals. This seems to indicate 
that flame retardants and surfactants are the two most at risk micropollutant groups, especially as 
they are the two smallest categories but make up 61% of the highest risk value 9 (94 scenarios out 
of a total of 154). For example flame retardants alone make up 40% of level 9 risk which equates to 
56 scenarios being at risk of flame retardants. Heavy metals are the third largest category at risk 
level 9 with 14% a total of 22 scenarios. 
 
 
Figure 25 Percentage of Micropollutant Groups at Risk  
 
 The micropollutants were then separated into their individual compounds and those at high 
risk can be seen in Figure 26 and Table 39. Only the micropollutants at risk (≥5) have been 
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presented Figure 26, and site specific STWs with micropollutants at high risk (7, 8, and 9) have 
been presented in Table 39 . Out of the 36 micropollutants 16 were considered to be at risk at any 
one STW. Of these, 13 were at very high risk (risk value 9) for at least one STW. Figure 26 shows 
that the three micropollutants with the highest number of STWs at very high risk were and PeBDE 
(flame retardant) and LAS (surfactant), and DEHP (industrial chemical). PeBDE and LAS were 
found to be at risk level 9 for 62 STWs, and 18 STWs respectively, whilst DEHP was found to be 
at risk level 9 for 10 STWs.  
 
 The remaining two micropollutants in the surfactant group, NP and OP, were both found to 
be at risk level 9 for 7 STWs. The heavy metal group, cadmium, lead, mercury, and nickel were at 
risk level 9 for 9, 4, 7, and 2 STWs respectively. PAHs were also found at high risk level 9, with 
Total PAHs at risk for 7 STWs, and fluoranthene at risk for 3 STWs. Finally, three pesticides were 
found to be at risk (diuron, isoproturon, and chlorpyrifos), however these results are only expected 
to have occurred due to the analytical LOD being higher than the EQSs. The use of these 
compounds has been banned in the UK (with the exception of diuron) and is therefore not expected 
to pose a risk to any STWs.   
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Figure 26 Micropollutants at Risk 
 
 Table 39 illustrates which micropollutants were of high risk (7 or above) 
and at how many STWs. In total 78 STWs were at high risk for micropollutants, 53 STWs 
of which had PeBDE at high risk. Only STWs A and B were at high risk of all 13 
micropollutants breaching discharge consents. Both STW A and B are activated sludge 
plant with population equivalents >100,000. STW C is at high risk for 12 micropollutants 
and is a trickling filter >100,000. This is a surprising output as activated sludge plants are 
expected to achieve higher removal rates compared to trickling filters. However, it can be 
seen in Table 39 that the micropollutant that is not at high risk is nickel which was found to be 
removed more efficiently during trickling filters in the literature. 
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Table 39 Micropollutants at High Risk 
 
STW 
Micropollutants 
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A              15 
B              15 
C              14 
D              13 
E              13 
F              12 
G              12 
H              11 
I              9 
J              6 
K              4 
L              4 
M              4 
N              4 
O              3 
P              3 
Q              3 
R              2 
S              2 
T              2 
U              2 
V              2 
W              2 
X              2 
Y              2 
Others              53 
Total 78 25 15 13 11 10 9 9 9 8 8 3 2 200 
 
 In summary, 13 micropollutants were at risk at 78 STWs, with a total of 200 risk scenarios. 
The surfactant and flame retardant groups were found to have the highest risk out of all 
micropollutant groups. This was confirmed when assessing the individual micropollutants which 
indicated that the top two highest risk micropollutants were PeBDE, and LAS which are both from 
the surfactant and flame retardant groups respectively. DEHP, heavy metals, and PAHs were also 
groups that appeared in the high risk categories. 
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7.2.3 Removal Rate Risk Assessment 
 The removal rate risk assessment was carried out in an attempt to evaluate STW efficiency; 
however it can also be used to understand influent risk. For example if the removal rate of a 
micropollutant was high but the micropollutant remained high risk in the effluent discharge despite 
a dilution factor then the risk would be associated with high influent concentrations. The results 
from this assessment showed that most micropollutants had removal rates that were low risk, with 
71% of all micropollutants ≤ 4 (i.e. STW removal rate greater than 70%). The remaining 29% 
micropollutants could be considered at risk (≥ 5), 14% were at the highest risk level, 9 (i.e. the 
removal rate was less than 50%). Figure 27 shows how the removal rate risk varies according to 
STW size and it can be seen that STW size does not greatly affect removal rate risk. 
 
 
Figure 27 Removal Rate Risk According to STW Size  
 
 The removal rate risk was then evaluated per micropollutant and the results can be seen in 
Figure 28. It can be seen that the removal rates of 8 micropollutants pose a high risk to over 50% of 
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all STWs. These were, in order of highest risk, nickel, diuron, isoproturon, cadmium, atrazine, 
HCH, lead, and mercury. Over 80% of STWs showed a removal rate risk ≥5 for all 8 
micropollutants. Most notably nickel and diuron posed the most serious removal rate risk with 
100% and 90% of STWs at very high risk respectively because they both were observed to have 
poor removal rates in literature for both secondary treatment processes. Heavy metals all 
demonstrated high risk because their only removal mechanism from the aqueous phase is via 
adsorption to suspended solids and or complexing to organic solids, thus reducing the incidence of 
removal. In addition, nickel and cadmium removals have been shown to decrease with increasing 
influent concentrations, which has been attributed to the sludge having a „fixed demand‟ for these 
elements. Therefore, only a finite amount can be removed resulting in an overall poor removal for 
high concentrations (Chanpiwat, 2008). The poor removal of pesticides observed in Figure 28 is a 
result of their high molecular weight and stable structure which requires longer retention periods in 
wastewater to break them down. 
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Figure 28 Removal Rate Risk for Each Micropollutant 
 
In order to understand the relationship between STW size, treatment type, and 
micropollutant removal rates and how these factors influence risk, a probability matrix has been in 
developed (Table 40) to present all three areas of risk. Table 40 was constructed to show the 
probability of any given micropollutant at risk for any given STW size, for any given treatment 
process, and removal rate. E.g. it can be seen in Table 40 that LAS has a 53.7% chance of being at 
risk for a STW size of 10,000– 50,000 (22 out of 41 STWs), a 5.1% chance of being at risk for an 
activated sludge STW, and a 9.2% chance of being at risk for a trickling filter, and an 11% chance 
that the removal rate is at risk. It could therefore be surmised that the LAS has a high overall risk, 
although removal rates tend to be acceptable (with only 11% of STWs at removal rate risk), and 
trickling filters are more at risk for this compound than activated sludge plants. 
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 The matrix gives a useful overview of how micropollutants behave with differing size 
STWs, treatment processes, and removal rates, it should be noted that values in black are at 0%, 
values in green are considered low, values in orange are considered moderate, and values in red are 
considered high. 
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Table 40 Probability Matrix to Determine STW and Micropollutant Risk 
At Risk Very High At Risk Very High At Risk Very High At Risk Very High At Risk Very High At Risk Very High At Risk Very High At Risk Very High
Cadmium 0.8% (0.0%) 19.5% (4.9%) 50.0% (50.0%) 71.4% (71.4%) 0.0% (0.0%) 3.8% (3.2%) 3.7% (1.1%) 66.2% (65.5%)
Lead 0.0% (0.0%) 4.9% (0.0%) 50.0% (25.0%) 71.4% (42.9%) 0.0% (0.0%) 3.2% (1.3%) 1.1% (0.6%) 66.0% (56.2%)
Mercury 0.2% (0.0%) 7.3% (0.0%) 50.0% (50.0%) 71.4% (71.4%) 0.0% (0.0%) 3.8% (3.2%) 1.4% (0.6%) 67.1% (1.9%)
Nickel 0.0% (0.0%) 0.0% (0.0%) 25.0% (0.0%) 71.4% (28.6%) 0.0% (0.0%) 3.2% (1.3%) 0.3% (0.0%) 90.7% (90.7%)
Anthracene 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 11.3% (9.8%)
Fluoranthene 0.0% (0.0%) 0.0% (0.0%) 50.0% (0.0%) 71.4% (42.9%) 0.0% (0.0%) 3.2% (1.3%) 0.6% (0.3%) 11.6% (0.5%)
Naphthalene 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 10.3% (9.7%)
Total PAH 0.4% (0.0%) 17.1% (4.9%) 25.0% (25.0%) 71.4% (57.1%) 0.0% (0.0%) 2.6% (1.9%) 3.2% (1.1%) 11.3% (0.5%)
LAS 2.4% (0.6%) 53.7% (19.5%) 50.0% (50.0%) 71.4% (71.4%) 1.7% (0.0%) 5.1% (3.2%) 9.2% (3.7%) 11.0% (0.5%)
Nonylphenols 0.2% (0.0%) 12.2% (0.0%) 75.0% (50.0%) 71.4% (71.4%) 0.0% (0.0%) 5.1% (3.2%) 1.7% (0.6%) 10.3% (0.5%)
Octylphenols 0.2% (0.0%) 7.3% (0.0%) 50.0% (50.0%) 71.4% (71.4%) 0.0% (0.0%) 3.8% (3.2%) 1.4% (0.6%) 11.6% (0.5%)
C10-13-Chloroalkanes 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 11.6% (0.5%)
PeBDE 9.2% (4.7%) 82.9% (73.2%) 50.0% (50.0%) 100.0% (85.7%) 17.2% (1.7%) 14.1% (9.6%) 16.7% (13.2%) 11.3% (0.5%)
Pentachlorobenzene 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 11.6% (0.5%)
Benzene 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 10.0% (9.7%)
1,2-Dichloroethane 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 9.8% (0.5%)
DCM 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 10.0% (9.8%)
DEHP 1.0% (0.2%) 29.3% (7.3%) 50.0% (25.0%) 71.4% (71.4%) 0.0% (0.0%) 3.8% (2.6%) 5.2% (1.7%) 11.1% (0.5%)
Hexaclorobenzene 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 13.2% (0.5%)
Hexachlorobutadiene 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 10.6% (0.5%)
Hexachlorocyclohexane (HCH) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 67.6% (65.4%)
Trichlorobenzene 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 10.0% (0.3%)
Tri-chloromethane 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 14.3% (0.0%) 0.0% (0.0%) 0.6% (0.0%) 0.0% (0.0%) 10.0% (0.5%)
Trichloroethylene 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 21.4% (0.6%)
Tetrachloroethylene 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 14.3% (0.0%) 0.0% (0.0%) 0.6% (0.0%) 0.0% (0.0%) 21.4% (0.6%)
Alachlor 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 11.1% (0.5%)
Atrazine 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 65.7% (56.0%)
Chlorfenvinphos 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 11.1% (0.5%)
Chlorpyrifos 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 28.6% (0.0%) 0.0% (0.0%) 1.3% (0.0%) 0.0% (0.0%) 9.2% (0.0%)
Diuron 0.6% (0.0%) 22.0% (4.9%) 75.0% (50.0%) 71.4% (71.4%) 0.0% (0.0%) 5.8% (3.2%) 3.2% (1.1%) 90.7% (81.2%)
Endosulfan 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 11.3% (9.8%)
Isoproturon 0.6% (0.0%) 14.6% (4.9%) 75.0% (50.0%) 71.4% (71.4%) 0.0% (0.0%) 5.8% (3.2%) 2.3% (1.1%) 90.7% (2.6%)
Pentachlorophenol 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 12.4% (0.5%)
Simazine 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 10.8% (0.5%)
Tributyltin 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 10.0% (0.5%)
Trifluralin 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 0.0% (0.0%) 11.4% (0.5%)
Micropollutants
< 10,000 10,000 - 50,000 50,000 - 100,000 Removal Rate> 100,000 Primary Acitvated Sludge Biological Filter
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7.3 Risk Assessment for Emerging Contaminants 
7.3.1 Discharge Consent Risk Assessment 
 The risk assessment was also carried out for steroid estrogens to understand their potential 
risk to surface waters. The discharge consent risk for steroid estrogens has been presented in Table 
41. The data indicate that the majority of STWS are at very low risk for all three steroid estrogens 
>92%. The occurrence of medium risk was no greater than 3% (17 STWs) for any of the estrogens. 
Only 0.4% of STWs were at high risk for E2 and EE2, and only 0.2% for E1. The results also 
indicate that EE2 has the highest number of STWs at very high risk of the three estrogens with a 
total of 14 STWs (2.5%). In general, estrogens pose a moderate risk of breaching their discharge 
consents, with a total of 16 STWs at high and very high risk for all three estrogens. Of the 16 
STWs, 10 are trickling filter plants and 6 are activated sludge plants. Five STWs were at very high 
risk for all three estrogens include three activated sludge plants STWs >100,000 one a trickling 
filter >100,000 and one a trickling filter 50,000 to 100,000.  
 
Table 41 Discharge Consent Risk for Steroid Estrogens  
Risk Estrone (E1) Estradiol (E2) Ethinylestradiol (EE2) 
Very Low (1&2) 93.8% 97% 92.2% 
Low (3&4) 3% 0.7% 2% 
Medium (5&6) 1% 0.7% 3% 
High (7&8) 0.2% 0.4% 0.4% 
Very High (9) 2% 0.9% 2.5% 
 
7.3.1 Removal Rate Risk Assessment for Steroid Estrogens 
 The removal rate risk assessment was carried out to determine the number of STWs at risk 
from poor removal rates (Table 42). The results show that the majority of STWs, 60% (337 STWs), 
are at very high removal rate risk for E1. In contrast the results for E2 indicate that the majority of 
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STWs (82%) are at very low risk, with only 11% of STWs at very high risk. The results for EE2 
show that the majority of STWs are at medium removal rate risk with 59% of STWs, however, 
only 0.5% of STWs are at very high risk. A total of 406 STWs are at removal rate risk for one or all 
of the steroid estrogens, and the STWs make up all primary and all trickling filter plants, indicating 
that no activated sludge plants are at risk from estrogens.  
 
Table 42 Removal Rate Risk for Steroid Estrogens 
Risk Estrone (E1) Estradiol (E2) Ethinylestradiol (EE2) 
Very Low (1&2) 24% 82% 26% 
Low (3&4) 3% 6.4% 1.4% 
Medium (5&6) 0.4% 1% 59% 
High (7&8) 13% 0.2% 13% 
Very High (9) 60% 11% 0.5% 
 
 In summary, the results indicated that although E1 had very high removal rate risk at 
significantly more STWs than E2 and EE2, but the overall discharge consent risk was higher for 
EE2 despite having the lowest average influent and effluent concentrations. It is expected that the 
very low PNEC value (0.04 ng L
-1
) for EE2 was responsible for high risk values. All primary and 
trickling filter plants were at removal rate risk for estrogens, however, discharge consents risk 
indicated that activated sludge plants were also at risk, and those STWs serving large domestic 
populations were at the highest risk. 
 
7.4 Risk Assessment Discussion 
 The risk assessment outputs for micropollutants and emerging contaminants indicated that 
a total of 20 compounds did not pose a risk to any STWs, and that a total of 470 STWs were at low 
or very low risk for all compounds. There were 19 compounds in total that were at risk level ≥5, 
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and all 19 were also at medium risk (5&6) for 115 scenarios, at a total of 54 STWs. There were 15 
compounds at high risk (7&8) for 52 scenarios, and 35 STWs. 16 compounds were at very high 
risk (9): cadmium, nickel, lead, mercury, fluoranthene, Total PAHs, LAS, NP, OP, PeBDE, DEHP, 
diuron, isoproturon, E1 E2, and, EE2, for 184 scenarios, and at 62 STWs. 
 
 In Chapter 4 the micropollutants that were found to have high influent load estimates were 
DEHP, DCM, lead, nickel, LAS, and NP. Of these six micropollutants all compounds were found 
to be at high risk with the exception of DCM which was low risk for all STWs. In Chapter 5 the 
micropollutants that were found to have high effluent load estimates were lead, nickel, DEHP, 
DCM, NP, LAS, and tetrachloroethylene. Of these seven micropollutants all compounds were 
found to be at high risk with the exception of DCM which was low risk for all STWs and 
tetrachloroethylene was low risk for all STWs except for one STW which was at medium risk, all 
the other five micropollutants were of very high risk for a number of STWs. In Chapter 6 E1 was 
found to have significantly higher influent and effluent load estimates than the other two estrogens, 
however all three estrogens were of high risk for a number of STWs. 
 
 These results indicate that for the majority of micropollutants that are found in high loads 
in influent will be found in high loads in effluent, and will pose a risk to STW discharge consents. 
Therefore it can be said that the dominant impact on micropollutant risk at any given STWs is 
firstly high loading from source inputs, followed by removal rates at STWs, then finally dilution 
potential to surface waters. The compounds that were not found in high loads for influent and 
effluent but were found to be at risk to STWs were; fluoranthene, Total PAHs, OP, PeBDE, 
mercury, diuron, and isoproturon. These compounds were found to be at high risk despite not being 
observed in high loads during the influent and effluent because they all have very low EQSs due to 
their toxicity. 
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 The results also indicated that of the STWs that were of medium to high risk (92 STWs) 58 
STWs were trickling filters, 24 STWs were activated sludge, and 10 STWs were primary. (The 10 
primary STWs at risk were only at risk for one micropollutant, PeBDE). Those STWs that 
experienced the highest number of compounds at very high risk were with activated sludge plants 
with >100,000 population equivalent, and 19 micropollutants at risk, and one trickling with 
>100,000 population equivalent, and 18 micropollutants at risk. It was also observed that overall 
the size of a STW was significant when determining the level of discharge consent risk, and the 
larger the STW the higher the probability of risk. In general of the STWs that were the same size, 
trickling filters were at higher risk compared to activated sludge, however as the size of the STWs 
increased the number of activated sludge plants to trickling filters increased which resulted in the 
highest risk STWs in this study being activated sludge plants. 
 
 This output would be expected as larger STWs tend to be associated with more urban 
areas, higher loads, and a demanding influent matrix of both domestic and commercial inputs. In 
contrast, smaller STWs tend to be found in small rural areas, have smaller loads, and have a less 
complicated influent matrix which is usually dominated by domestic inputs. In addition large 
STWs can have the disadvantage of having lower dilution factors compared to smaller STWs as the 
bigger the effluent discharge from larger STWs the smaller the ratio between discharge and surface 
water, as can be seen in Table 36. 
 
  It was also established that eight micropollutants were at high removal rate risk (≥5) for 
over 80% of STWs (the micropollutants were: cadmium, lead, mercury, nickel, HCH, atrazine, 
diuron, and isoproturon). This was not surprising as all eight micropollutants were found to have 
relatively poor removal rates according to previous studies outlined in Chapter 2, as a result of their 
high molecular weight, high solubility in water, low adsorption potential, or poor complexation to 
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microorganism flocs, all of which require increased hydraulic retention times to allow acclimation 
of bacteria and to improve settling of suspended material. 
 
 Finally, the high level of risk observed for those micropollutants with an EQS (discharge 
consent) lower than the analytical LOD; diuron, isoproturon, and OP should be considered with 
caution because it is not known if the high risk represents a false positive. It is difficult to 
recommend a management option because the actual risk of these compounds remains unknown. 
Therefore efforts should be made to improve analytical methodologies in order to monitor these 
compounds at the levels required for the EQS. 
 
7.4.1 Decision Making Tools and Management Options  
 The risk assessment demonstrated clearly that substances such as PeBDE, LAS, DEHP, 
cadmium, NP, lead, nickel, and mercury will be at risk for a number of STWs, and although 
management options have been previously discussed in Chapters 4 and 5, assessing management 
options for each site specific STW at risk requires detailed knowledge. Determining which 
management options to adopt very much depends on the nature of the risk at individual works, but 
can be broadly divided into four categories: do nothing, control at source, optimise existing STW 
technology, or add tertiary treatment solutions.  
 
 The option of doing nothing is the optimal management choice but is only appropriate for 
low risk STWs, with the aim that all STWs should eventually attain this management option. 
Control at source can be implemented when influent levels are high and where source inputs can be 
easily controlled through industrial discharge consents, substance bans, taxation, or existing 
legislation such as REACH. However, this option is not always appropriate as some 
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micropollutants cannot be substituted, or are ubiquitous and cannot be easily controlled at source, 
such as surfactants and steroid estrogens. Optimising existing STWs can also be a valuable 
management option; it usually involves upgrading either trickling filter works or activated sludge 
works using biological nutrient removal techniques such as including anoxic or anaerobic 
digestion, increasing sludge age, increasing hydraulic retention time, or adding chelating agents to 
improve sedimentation. Adding tertiary treatments solutions can also be an important option as 
discussed in Chapter 6, part (b) and include technologies such as GAC, ultraviolet light (UV), 
ozone, and membrane filtration. However, understanding which STW requires what management 
option cannot be established by carrying out a risk assessment alone. This is why the results must 
be taken into account alongside management decision making tools in order to understand the 
requirements of each STW. Decision making tools help demonstrate how the risk assessment 
results can be matched up to their most appropriate management options by using such tools as the 
basic matrix or the decision algorithm outlined below. 
 
 The two decision making tools (the basic matrix and the decision algorithm) have been 
developed in this thesis to help select the most appropriate management options for each STW 
assessed in the risk assessment. The decision matrix seen in Table 43 is a tool constructed by 
tabulating the removal rate risk along the y axis and the discharge consent risk along the x axis 
(both risk scales were 1 to 9). The decision matrix (Table 43) categorises the four management 
options discussed above for interpreting the level of risk for the two variables.  
 
 The first option; „Do Nothing‟ occurs when both discharge consent and removal rate are 
low risk and therefore no management plan is required. The second option; „S/DF‟ 
(Source/Dilution Factor), occurs when the removal rate risk is low to medium and the discharge 
consent risk is high. The management choices for this option depend on looking at the STW in 
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more detail to determine whether the dilution factor to the receiving water is low or the source 
inputs into influent are high. If the dilution factor is not adequate then optimising existing treatment 
or additional tertiary treatment might be required, if the source inputs are high then investigations 
into source management can be carried out. The third option; is „IRE‟ (improve removal efficiency) 
and occurs when there is high removal rate risk and low to medium discharge consent risk. This 
option does not require immediate action but the STW should be monitored regularly for any 
changes. Finally, the fourth option; „unsure‟ occurs when both discharge consent and removal rate 
risk is high. For these sites further investigation into source inputs, removal rates, and dilution 
factors is required to determine in more detail, the cause for the high risk.  The outcome of this 
option is likely to be the most expensive as the STWs has poor removal coupled with either poor 
dilution or high influent loads, and therefore two issues have to be tackled. It should also be noted 
that when this option arises the STWs in question should be prioritised for management as they will 
cause the highest risk to surface waters due to the multiple risk factors. 
 
 Take for example DEHP concentrations at STWi, an activated sludge plant with a size of 
>100,000 achieving a 98% removal rate. The discharge consent risk for DEHP at STWi is 9 and the 
removal rate risk is 1. Using the decision matrix in Table 43 the management option for this 
scenario is S/DF. The sources of DEHP are ubiquitous as it is a plasticiser used in many household 
and commercial products, and therefore source management would be difficult and expensive to 
find a compound substitution. The dilution factor for STWi is very low (1:1.2) which would result 
in even small concentrations of DEHP exceeding the discharge consent. Little can be done to 
improve dilution factors other than diverting the waste flow to neighbouring STWs with a larger 
dilution to receiving waters. Therefore, due to the very high level of risk (9) tertiary treatment 
would be the most suitable option here as the activated sludge plant is already achieving a removal 
rate of 98%. The dominant removal pathway of DEHP in wastewater is adsorption as discussed in 
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Chapter 2, and so a technology such as granular activated carbon (GAC) which primarily works on 
the premise of absorption would be a suitable option. 
  
Table 43 Decision Matrix to Aid Wastewater Management 
    Removal Rates Risk 
    1 2 3 4 5 6 7 8 9 
E
ff
lu
e
n
t 
R
is
k
 
1 Do Nothing Do Nothing Do Nothing Do Nothing IRE IRE IRE IRE IRE 
2 Do Nothing Do Nothing Do Nothing Do Nothing IRE IRE IRE IRE IRE 
3 Do Nothing Do Nothing Do Nothing Do Nothing IRE IRE IRE IRE IRE 
4 Do Nothing Do Nothing Do Nothing Do Nothing IRE IRE IRE IRE IRE 
5 S/DF S/DF S/DF S/DF Unsure Unsure Unsure Unsure Unsure 
6 S/DF S/DF S/DF S/DF Unsure Unsure Unsure Unsure Unsure 
7 S/DF S/DF S/DF S/DF Unsure Unsure Unsure Unsure Unsure 
8 S/DF S/DF S/DF S/DF Unsure Unsure Unsure Unsure Unsure 
9 S/DF S/DF S/DF S/DF Unsure Unsure Unsure Unsure Unsure 
 
 This decision matrix is a simple way for extracting meaning from the risk assessment 
results; however it can only be used as a guideline to suggest areas that require further analysis. 
Therefore a more systematic approach is required for deciding which management option is 
suitable, one such approach would be to use a decision algorithm. The decision algorithm in Figure 
29, was developed to consist of a series of questions that lead to a management option dependent 
upon the answers given, once the bottom of the algorithm is reached and the option implemented, 
the decision algorithm should eventually take you to the „do nothing‟ option, if this is not the case 
the process continues until that option is finally reached. It is a more detailed tool as it takes into 
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consideration the main removal pathways (adsorption, biodegradation, chemical degradation, and 
volatilisation) for micropollutants during wastewater treatment. 
 
 
Figure 29 Decision Algorithm for Determining the Most Favourable Management Option 
 
 The decision algorithm in Figure 29 is not a working template, but an illustrative example 
of the value such a tool would provide to guide the decision making process. Irrespective of the 
tools used to aid the decision making process it is important that the following questions are 
considered for each individual STWs: 
 
Are all  
micropollutants  
low or medium  
risk? 
Are all  
micropollutants  
low risk? 
Is removal rate  
risk  high for any  
medium risk  
micropollutant? 
Is the average  
risk for STW  
low? 
Is removal rate  
risk  high for   
any high risk  
micropollutant? 
What are the  
pathways for  
high risk  
micropollutants? 
Adsorption Volatilisation Biodegradation Chemical  
Degradation 
Is removal rate  
risk  high for  
micropollutant? 
Is removal rate  
risk  high for  
micropollutant? 
Is removal rate  
risk  high for  
micropollutant? 
Is removal rate  
risk  high for  
micropollutant? 
Are STW‟s  
treatments  
optimised? 
Are STW‟s  
treatments  
optimised? 
Are STW‟s  
treatments  
optimised? 
Are STW‟s  
treatments  
optimised? 
Do  
Nothing 
Add  
Treatment 
Optimise  
Treatments 
Control  
Source 
1 2 3 4 5 6 7 8 
Are STW‟s  
treatments  
optimised? 
How many  
micropollutants  
are there per  
pathway? 
How many  
micropollutants  
are there per  
pathway? 
How many  
micropollutants  
are there per  
pathway? 
How many  
micropollutants  
are there per  
pathway? 
Y 
Y 
Y 
Y 
Y Y Y Y 
Y 
N N N N 
N 
N 
N Y 
N 
N 
N N N N 
Y Y Y Y 
N >3 <=3 >3 <=3 >3 <=3 >3 <=3 
1 = Constructed Wetlands 3 = Sand Filtration 5 = Increase air stripping 7 = UV 
2 = Sequencing Batch Reactor 4 = GAC  6 = Aerated Lagoons  8 = Ozone 
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1. What size is the STW (i.e. population served)? If small can the investment be justified? 
2. Does the STW have space to fit the envisaged additional treatment? If not what are the 
alternatives? 
3. Will influent load affect the additional treatment? E.g. membrane filtration can only handle 
a certain flow rate or influent load, too high and the treatment becomes ineffective 
 
In addition the following suggestions should also be considered before installing any new 
treatments: 
1. STWs should be ranked by priority in the region before any investment is made to any 
STWs, size as well as risk is a factor in determining where best to invest new technologies. 
2. The receiving surface water should be evaluated to ascertain if it has been designated 
sensitive or not to help prioritise management 
3. The receiving water should also be evaluated to determine if there are more than one STW 
discharging into it in order to focus management 
4. The source pathways should be analysed as there may be a more cost effective solution at 
source than in the STW, e.g. a treatment facility could be added to a large industrial plant 
in the region that is heavily contaminating the influent rather than adding a more complex 
treatment facility at the STW. 
 
 Finally, it is important to mention that if a suitable wastewater treatment technology is not 
available to effectively treat a particular micropollutant, and source control of the compound is not 
feasible, there would be no effective control mechanism available to the STWs to reduce 
concentrations in the aquatic environment. Therefore, there would be a strong argument for 
accepting less stringent discharge consents until the technical barriers were overcome. 
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7.5 Barriers to the Achievement of the WFD  
 This thesis has confirmed that the concerns regarding aquatic environmental pollution 
resulting from wastewater discharges are real and that the WFD is right to control and restrict 
emissions from STWs. However, achieving these legislative targets will prove to be challenging 
due to the practical implementation and analytical challenges of monitoring micropollutants in 
wastewater, the knock on environmental impacts of high grade technologies, and the implied 
financial investment required to achieve the targets will all act as barriers to the effective 
implementation of the WFD.  
 
 The first barrier is the practical implementation and analytical challenges of monitoring 
micropollutants in wastewater. Achieving the WFDs objective of good ecological status for all 
surface waters by 2015 will pose a big challenge as in some cases micropollutants will require 
removal to below the current LOD (e.g. isoproturon and diuron). This research has also highlighted 
the numerous analytical methodologies used for monitoring micropollutants in wastewater, 
resulting in a varied range of accuracy. Therefore the WFD must focus on developing technical 
guidance for monitoring every micropollutant in order for sampling results to be compared. 
Furthermore, the cost of monitoring influent and effluent concentrations for micropollutants has 
been estimated to be in excess of £1000 per sample (Comber et al., 2007).  
 
 The second barrier is the environmental impacts of implementing more sophisticated 
wastewater technologies to reduce micropollutants in wastewater. For some STWs that are at very 
high risk intensive advanced tertiary treatment, such as GAC or ozone will be required to reduce 
micropollutant concentrations. The current estimate of the energy required for the addition of 
tertiary treatment to achieve EQS is an increase of 25% of the current water industry‟s carbon 
dioxide emissions (Comber et al., 2007). These requirements come at a time when European policy 
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has also introduced the Climate Change Levy (CCL) which requires an overall 20% reduction in 
carbon emissions by 2010 in the UK. The CCL sets specific tax rates per unit of electricity and gas 
used in industry. So, both EU policies on water and carbon emissions will drive the UK to improve 
the level of wastewater treatment, whilst also actively enforcing a reduction in overall energy 
burdens associated with their operations. The problem is that types of high performance wastewater 
treatment technologies such as GAC come at the expense of high energy use and sludge 
production. Therefore the water industry must seek alternative means to cutting their energy 
consumption without compromising water quality. It is therefore vital that a long term strategic 
vision is adopted towards the future business plans through sound investment decisions. 
 
 Certain management options using tertiary treatments such as GAC will not only incur 
financial and energy costs, but  also increase the amount of sludge produced whilst increasing the 
micropollutant levels as a result of the partitioning of hydrophobic compounds onto solids. Sludge 
quality is currently regulated by the Sludge Directive and the tightening restrictions proposed under 
the EC Working Document on Sludge (86/278/EEC) could mean that concentrations of 
micropollutants found in sludge due to increased removal efficiency at STWs could incur a fine 
and disqualify it from agricultural use. Under the regulations‟ associated “Safe Sludge Matrix”, 
higher pollutant loads in sludge will require extensive treatment processes in order for agricultural 
use to be allowed, and this may not even suffice. Without use of sludge in agriculture, considerable 
problems arise in terms of its disposal, such as the re-release of micropollutants back to the 
environment via runoff from landfill leachate or atmospheric deposition from incineration. 
Meanwhile removing micropollutant loads from sewage-sludge is costly, energy intensive and 
environmentally unsustainable due to the associated CO2 emissions (Colarullo et al., 2006). The 
third barrier is financial investment. As previously mentioned in the analytical barriers, monitoring 
samples for micropollutants have been estimated to be around £1000 per sample. In addition, 
Comber et al, (2007) discussed that if advanced treatment is undertaken as the main management 
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option to control discharge, it was estimated that it would cost the water industry in excess of £11 
billion for advanced tertiary treatments, to satisfy the WFD requirements in the UK. These barriers 
call into question the sustainability of implementing the WFD. 
 
 It is currently not known how sustainability will be recognized by either Ofwat
15
 or the EA 
to control the water industry adopting inappropriate treatment strategies if financial and 
environmental costs become disproportionately high. However, it is important that measures are 
put in place to prevent adverse knock-on effects as a result of the WFD because these barriers to 
implementation cast concern over the practicality of achieving the set targets. However, it is 
possible that requirements under the WFD could be achieved indirectly through other legislations 
such as the Urban Wastewater Treatment Directive, the Habitats Directive which focus on reducing 
phosphorus, BOD, TSS, and ammonia concentrations. By reducing these contaminants to achieve 
the required limits under these Directives, micropollutants will be inadvertently removed as a result 
of improved sedimentation or biodegradation. It is therefore important to be aware of existing 
legislation from other Directives and understand the potential implications they may have on the 
WFD. 
 
7.5.1 Sustainability and the WFD  
 The barriers facing the WFD raise important questions regarding the environmental role of 
wastewater treatment. The WFD issue is very complicated and the policy and requirements that 
have been set out under this Directive have a risk of negating the very environmental benefits they 
want to achieve. The investment required by the water industry to achieve chemical targets will 
require significant investment, and there is no clear solution to reducing micropollutant 
concentrations without creating further issues of energy consumption or increased disposal of 
                                                 
15
 Regulators of water and sewerage providers in England and Wales 
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waste, there is also no guarantee that the management options adopted will resolve the issue. These 
concerns pull into question the sustainability of the Directive itself, and this section aims to provide 
suggestions to mitigate the high financial and environmental costs associated with the challenges 
facing the WFD. 
 
 The WFD designates EQS for priority and priority hazardous which have been developed 
to protect surface water environments. The toxicological risk associated with the exposure to 
micropollutants is assessed chemical by chemical; the COMMPs assessment has not considered the 
chemicals as a collective either from an analytical or from a toxicological standpoint. Therefore the 
combined toxicological effects to aquatic flora and fauna, and humans remain unchallenged and 
unregulated. Indeed, the micropollutants that have the same mode of action (biochemical 
interaction through which a substance produces a pharmacological effect in an organism) may end 
up having an additive (where the sum of the reactions is equal to the activity of the component 
parts) or synergistic effective (where total activity is greater than that of the sum of its parts) 
(Galassi et al., 2004). It may also be the case that all micropollutants in a water body are below 
their individual EQS, but the collective nature of the toxicity, especially if a number of compounds 
have the same mode of action will have the same hazardous effect as one compound in very high 
concentrations. In addition, micropollutant breakdown products „metabolites‟ are not regulated for 
and frequently go undetected in laboratory analysis of compound concentrations. Using the 
measure of toxicity will include these compounds in analysis, even if the metabolites are currently 
not known, therefore providing an extra level of precaution to water quality. 
 
 These issues are not covered under the EQS methodology as only the concentration of the 
single compound is considered. It is unclear if all or any of these issues are a threat to surface water 
quality, and further research is required to fully understand the extend of the additive effects of 
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chemical cocktails and their potential to degrade into more toxic metabolites. However, it is worth 
taking into account the concept of chemical cocktails as it could provide an alternative to using 
EQSs. Ecotoxicological tests on water extracts can be used as a screening tool to evaluate quickly 
and simply the overall quality of a water body with regard to micropollutant contamination. It 
represents a holistic approach to evaluate water quality: and aquatic organisms can be used to 
assess toxic effects of a water sample (Galassi et al., 2004). The merit in considering chemical 
mixtures is that it would reduce the analytical cost of monitoring (from 39 sample to 1 per site) and 
provide a better understanding of surface water pollution, as ultimately the aquatic environment is 
not static and many complex interactions between chemicals will occur that at present remain 
unknown. 
 
 In conclusion, it is difficult to assess the effectiveness of setting EQSs as the understanding 
of the chemicals and chemical behaviour in surface water is in its infancy. However, if the outcome 
is one of disproportionate costs to other environmental compartments such as increased greenhouse 
gases through increased energy consumption or the production of high sludge volumes with 
increased micropollutant contamination, alternatives such as ecotoxicological testing should be 
investigated.  
 
 Another issue that has arisen to challenge the sustainability of the WFD is the requirement 
of tertiary treatment to achieve legislative targets. It does not seem prudent to invest in advanced 
water treatment technologies at such high financial and environmental expense for the effluent to 
be discharged into surface water only to be abstracted downstream to be reprocessed through 
filtration and disinfection processes for drinking water. If the ultimate decision by the water 
industry is to implement advanced tertiary technologies it would be worth challenging the notion of 
wastewater and drinking water treatment as separate entities. This issue is worth consideration 
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because freshwater resources are under increasing stress through increasing populations, poor water 
management practices, and climate variations, and therefore wastewater reuse presents a 
sustainable option to combat these pressures. Developing one site for water purification which 
deals with wastewater to drinking water transactions (in particular for STWs >100,000 population 
equivalent) would significantly reduce future capital and operational costs with the added benefits 
of no chemical pollution entering surface waters, and a reduction in carbon dioxide emissions as a 
result of the net reduction in technology required for treating wastewater and drinking water 
separately. 
 
 This seems a radical concept and one that needs further investigation. But the challenges 
that have come to light during the research for achieving the WFD requirements for surface water 
quality has inadvertently challenged our water treatment system designs. The outputs and 
management options discussed in this research have not been able to fully satisfy the objectives of 
the Directive without incurring negative impacts elsewhere, and because of this the WFD is in 
danger of becoming ineffective as any improvement in water quality as a result of the legislation 
will be counterbalanced by negative implications that occur through the solutions. 
 
 Readdressing water treatment in a progressive manner instead of retrofitting technology 
with the incursion of increased financial and environmental cost allows a much more efficient and 
sustainable solution to evolve. The reuse or „toilet to tap‟ concept has already been adopted in 
water scarce California where a pioneering plant has been designed. It uses a two step process of 
microfiltration and then reverse osmosis. This treatment has the added benefit of being able to 
recharge depleted aquifers using excess water from the system. The UK is expected to be affected 
by water shortages in the near future as the effects of climate change become more apparent, and 
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using the water purification approach, successful management of water quality and water scarcity 
can be achieved alongside one another. 
 
7.6 Benefits of Research 
 The main benefit of this research is that it focuses the attention and resources of both the 
regulators and industry on the most potentially damaging inputs from STWs and provides 
information to prevent overly strict implementation of legislative targets, if they cannot be 
realistically achieved by the water industry. 
 
The key drivers in achieving this benefit were as follows: 
I. Develop a cost effective non data intensive model that effectively predicted the influent 
and effluent loads and concentrations for site specific STWs. 
II. Analyse the outputs of the models and highlighting which micropollutants are present and 
at what levels.   
III. Develop a risk assessment to illustrate how the outputs from the model could be used to aid 
management to understand which STWs, and which micropollutants could pose a threat to 
the aquatic environment. 
IV. Design decision tools as paradigms of how management decisions could be carried out, the 
tools were only illustrative and not thorough enough to base finial decisions on as they do 
not consider cost benefit analysis, carbon footprints, or all treatment options etc. The main 
aim of the decision making tools was to help guide management by enabling STWs to be 
quickly prioritised and isolate areas of importance. Although the tools are simplistic they 
highlight potential options for further research to develop a more practical interactive 
decision making platform. 
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 Once management can understand the risks and the options available to them they can 
make an informed decision to achieve the targets set out by the WFD in the most efficient way to 
maximise risk reduction whilst minimising financial and environmental cost.  
 
7.7 Overall Limitations of Research 
 The calculation developed in Chapter 4 to estimate influent concentrations and loads was 
dependent upon a number of variables. These were the domestic and commercial population 
equivalents, the domestic, commercial, and runoff micropollutant concentrations, and the dry 
weather flow, and average daily flow. The domestic population equivalent, average daily flow, and 
dry weather flow, are all measured by water companies to a good level of accuracy. The 
commercial population equivalent should be reflected by the number of commercial activities in 
the STW catchment and this is measure by the water company. However, these data were not 
readily available and therefore as a substitute the industrial population equivalent was used as is 
considered that industry and commercial activates are proportional in a catchment.  
 
 The micropollutant concentrations were based on the literature review which highlighted a 
number of data gaps, and therefore the concentration values used should be treated with some 
caution. It should also be noted that some of the concentration values had LOD above the WFD 
indicating that current analytical capabilities are a limiting factor in the identification of 
micropollutants in wastewater. This could lead to a potentially inaccurate representation of these 
compounds and further analysis on the analytical methodologies is required in order to obtain 
accurate influent concentrations. These limitations are however, limitations of the inputs rather than 
the calculation itself and in theory the calculation should model influent concentrations with a good 
degree of accuracy as they identify all the pathways to a STW. 
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 Although, the underlying assumption of the calculation that all pathways have a similar 
micropollutant profile, due to the law of large numbers, will inhibit the accuracy of the model 
across different catchments. It should be noted that the micropollutant concentrations for the inputs 
of this calculation should be tailored to each specific country because the use of household and 
commercial products will vary thus varying the inputs of micropollutants to STWs.  
 
 The calculation developed in Chapter 5 was dependant on a number of variables. The 
influent values estimated in Chapter 4, removal rates for BOD and TSS for each STW, removal 
rates for each micropollutant by treatment process, the removal rate ratio between BOD and TSS 
for each micropollutant. The limitation of the influent concentration values as established in 
Chapter 4 have been discussed above. The BOD and TSS removal rates are monitored to a good 
degree of accuracy by water companies, while the removal rates for each micropollutant were 
based upon a literature review which was limited. The removal rate ratio for BOD and TSS was 
based upon the octanol water coefficient (Log Kow), for each micropollutant and this constant is 
measured to a good degree of accuracy.  
 
 The underlying assumptions of this calculation are firstly that BOD and TSS reflect the 
operation efficiency of a STW is a sound assumption and is used throughout the water industry. 
However, this assumption does not take into account the removal pathways via volatilisation and 
chemical degradation. Secondly, the removal rate ratio has been assumed to be proportional to the 
Log Kow, this is because this reflects the adsorption mechanism which is a process that TSS is 
associated with. The delineation of the Log Kow to reflect the removal rate ratios was taken from 
literature (Birkett & Lester, 2003, Rogers, 1996) and is considered to be a sound assumption. 
However, this is an oversimplification of the interplay between removal mechanisms during STWs. 
Thirdly; the calculation of the adjusted removal rate for each compound at each STW based upon 
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the original removal rate multiplied by a correction factor is an assumption of this thesis. Although 
it is hard to prove that this assumption will produce exact results it was found that a greater degree 
of accuracy was achieved compared to the original removal rates for each compound at each STW. 
 
 The methodology developed for the risk assessment of effluent discharge into surface 
waters was carried out. The variables associated to this risk assessment were as follows: the 
effluent concentration values, the dilution factors, and the discharge consents. The limitation of the 
effluent concentration values as established in Chapter 5 have been discussed above, and the 
discharge consents were taken as the AA-EQS set out by the WFD; this was used as marker for the 
highest permissible discharge consents that could be set to STWs. The dilution factors however, 
were provided by the water company, and although may not be accurate are the best representation 
of dilution that could be achieved.  
 
There are three assumptions made in the risk assessment, first of which is that the 
discharge consent were set at the equivalent to the EQSs (taking into account dilution), secondly, 
where a dilution factor was not available it was assumed that a STW with a similar size and 
location would be a good estimate. Thirdly, the delineation of risk for both the effluent and removal 
rates has been assumed as shown in Chapter 7.  It should be noted that the selected risk categories 
for the assessment were established to represent potential risk in orders of magnitude above or 
below the estimated discharge consents. The numerical values were established to provide markers 
in order to understand individual STW risk levels in the context of all the STWs assessed thus 
allowing STWs to be ranked accordingly. 
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8.1 Conclusions  
 The aim of this research was to develop a model to estimate micropollutant concentrations 
and loads in site specific STW influent and effluent to facilitate management decisions to aid the 
implementation of the Water Framework Directive in the UK. 
 
 The literature review highlighted a number of data gaps in source concentrations, removal 
rates for micropollutants at two-stage treatment processes, and information on 
physicochemical properties of micropollutants. 
 The methodology for estimating site-specific STW influent concentrations achieved and 
acceptable level of accuracy. The results indicated that: 
 Higher levels of micropollutants were observed at sites with both domestic and 
commercial inputs 
 Highest concentrations of micropollutants were found for: DEHP, Lead, Nickel, 
DCM, LAS, and NP. 
 Influent concentrations were similar to those found in published literature on 
influent monitoring. 
 The methodology for estimating site-specific STW effluent concentrations achieved and 
acceptable level of accuracy. The results indicated that: 
 Activated sludge STWs achieved overall higher removals than trickling filter 
STWs for micropollutants. 
 Highest concentrations of micropollutants were found for: Lead, Nickel, DEHP, 
DCM, NP, Tetrachloroethylene, and LAS. 
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 Effluent concentrations were similar to those found in published literature on 
influent monitoring Concentrations similar to those found in literature. 
 Assessing emerging contaminants indicated that steroid estrogens were the most likely 
group of compounds to be considered for the inclusion under the WFD. 
 Estimating influent and effluent concentrations of steroid estrogens indicated that 
E1 had highest concentration level of the three estrogen compounds. 
 The GAC case study showed good levels of removal of estrogens from wastewater. 
 Reactivated C401 achieved higher removal rates for all estrogens than Virgin F400 
 Potentially due to competitive adsorption: C401 experienced direct 
competition, F400 experienced pore blockage. Pore blockage reduces 
adsorption capacity more than direct competition (Pelenkani 2001)  
 A methodology was developed to assess the risk of micropollutants and emerging 
compounds entering STWs above the discharge consent limit at site-specific STWS. 
Results indicated that: 
 STWs can be prioritised by risk e.g. 16 % of STWs at risk (i.e. around 1 in 6 
STWs). 
 Micropollutants can be analysed individually and prioritised by risk e.g. PeBDE 
was found to pose a high risk for 92 STWs. 
 Patterns can be deduced e.g. 1 in every 2 STWs that had both domestic and 
commercial inputs were at risk 
 Decision tools can be more effective once risk is analysed. 
 The results from the research indicated that regulation is necessary to maintain surface 
water quality however, finding a solution to reduce micropollutants in effluent without 
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incurring environmental and financial costs will be difficult. Therefore serious 
consideration must be taken to achieve successful and sustainable implementation of the 
WFD. 
 
8.3 Novelty of the Research 
 The specific contribution of this research to existing knowledge comprises both qualitative 
and quantitative aspects of the modelling of site specific STWs‟ influent and effluent 
concentrations and loads within the UK.  
 
8.3.1 Qualitative Contribution 
 The literature review undertaken in Chapter 2 was the most comprehensive review 
undertaken of in this field and highlighted the data gaps and issues in information gathering. This 
literature review demonstrated the need for the water industry to create an information database 
that will allow information to be more easily accessible and this research can be used as a starting 
point from which that database can be produced. It is very important to have all the information on 
all monitoring studies and published literature in one place that can be easily analysed so that the 
water industry understand where to invest their resources in closing the data gaps, and to reduce 
repetition of studies.  
 
8.3.2 Quantitative Contribution 
 This research focused mainly on developing a methodology for estimating the makeup of 
site specific STWs‟ influent and effluent in the UK. The methodology aimed to provide a low cost, 
non data intensive, quick, and easy to use model for estimating micropollutant concentrations in 
influent and effluent that water companies could use as a starting place to understanding their 
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pollution profile. Currently all the models available are either expensive, data intensive, time 
consuming, do not model the micropollutants assessed in this research, or are only concentrated on 
effluent or catchment concentrations of compounds. The research undertaken took a novel 
approach to tackle the problem it faced in producing a cost effective model, in that it made the 
assumption, based on comparing the relevant literature and the law of large numbers, that 
catchments across the country behaved in a similar manner when it came to pollution through 
domestic, commercial, and runoff pathways, and based the concentration of micropollutants in each 
pathway from the mean of the monitoring studies undertaken to date. It also took the novel 
approach to establish individual removal rates for each micropollutant for each STW through 
establishing, from the literature review, the effectiveness of differing treatment process on 
individual micropollutants and calculating the operational efficiency of each STW. This allowed 
for a more accurate calculation of the effluent profiles exiting site specific STWs based upon the 
estimated influent profiles entering the site specific STWs. Finally, this research demonstrates that 
it is possible to produce a low cost model to predict site specific STWs‟ influent and effluent 
concentrations and loads to a good degree of accuracy which will prove highly valuable to the 
water industry, the EA and environmental scientists who want to determine the contributions site 
specific STWs make to surface water pollution and the risk attached to them. 
 
8.4 Recommendations for Further Research 
 Under the pressure of new environmental legislation and more stringent environmental 
quality control in the future, the following recommendations have been set out to both mitigate the 
limitations discussed in Chapter 7, and to facilitate effective management decisions to achieve the 
WFD targets. 
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1. Research into source and pathway concentrations of micropollutants and emerging 
compounds entering wastewater would provide further accuracy for the influent calculation 
estimates. 
 
2. Further research into fully understanding the fate and behaviour of micropollutants and 
emerging compounds in wastewater treatments would provide increased accuracy for the 
effluent calculations estimates. 
 
3. Availability of data such as DWF, ADF, FFT, and Dilution Factors from the water 
company highlighted issues with data management, developing a comprehensive database 
with all relevant STW information would provide greater efficiency within water 
companies, enable analysis and comparison of performance between works, and finally 
provide accurate and full data sets for the influent and effluent calculations, and the risk 
assessment. 
 
4. Carrying out a monitoring programme on influent and effluent concentrations to validate 
the assumptions made for the calculations would provide further robustness and confidence 
in the outputs of the calculations. 
 
5. Further research into understanding the financial and environmental costs of management 
options and carrying out life cycle analysis would further aid the decision making process. 
Cost benefit analysis is the recommended method to assess whether the cost of a measure 
to meet the WFD objectives are disproportionate to the benefits. Valuation methods for 
non-market benefits such as those related to improvements in the quality of the aquatic 
environment that are not directly related to quantifiable commercial activities, include 
methods that determine the willingness-to-pay. Whilst the cost of STW upgrade will 
ultimately be borne by consumers. 
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6. To work with the water industry to develop the framework into a computer programme that 
can be readily used by water companies to assess their works. It would be flexible to allow 
constant updates for removal rates, sources, pathways and concentrations, and the addition 
of subsequent chemicals require for new legislation. 
 
7. Further research should be carried out to establish if ecotoxicological analysis is a viable 
option for monitoring chemical cocktails in the aquatic environment and if it could provide 
a valid alternative to single chemical monitoring which is time consuming and expensive 
and may not represent the toxicity of the environment full. 
 
8. Further research should also be carried out in the field of water reuse and purification. 
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